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ABSTRACT 
The Allende Type 111 carbonaceous chondritic meteorite was 
chosen for investigation because of its primitive nature when 
compared with other solar system matter, the large amount of 
material available for study and because of its extreme heterogeneity. 
The similarity in composition between the Ca, Al-rich aggregates 
found in Allende and the calculated first condensates from a cooling 
gas of solar composition has led some researchers to suggest that 
these aggregates are initial condensates from the primeval solar 
nebula. For these reasons the Allende meteorite was thought to be a 
valuable source of information concerning its own origin and the 
conditions in that part of the solar nebula during its formation. 
The abundance of minor and trace elements in components of 
Allende was examined. On the basis of these results four groups 
were distinguished. Group 1 consists of the melilite chondrules, 
and four Ca, Al-rich aggregates in a subgroup, lb. They have a 
relatively flat lanthanide distribution at 10-15 times chondrites, 
the chondrules exhibiting small positive Eu anomalies. Group 11 
contains Ca, Al-rich aggregates with heavily fractionated lanthanide 
abundance patterns. The remaining aggregates have relatively 
unfractionated chondrite -normalised REE abundance patterns with 
negative Eu and Yb anomalies. They are classified as Group 111. The 
olivine material of Group IV exhibits an unfractionated pattern at 
2-4 times chondrites. These trace element abundances do in general 
support the conclusion drawn from the major element abundances that 
the Ca, Al-rich material could represent initial condensates from a 
cooling gas of solar composition and the Mg, Fe-rich material later, 
lower-temperature, condensates. However the fine-grained texture of 
the Ca, Al-rich aggregates and the presence in them of metastable 
lV 
minerals suggests they cooled rapidly, certainly more rapidly than 
would the solar nebula. They may have formed from the same high-
energy event which produced the chondrules but, because of lower 
pressure conditions, cooled directly from a gas to a fine-grained 
solid. 
The most reasonable explanation of the different lanthanide 
abundance patterns shown by the Ca, Al-rich aggregates is fraction-
ation between gas and condensed solids with removal of the solids 
before equilibrium was reached, the different patterns representing 
different stages of condensation. The analysis of elemental 
abundances in mineral separates from components of Allende seems to 
indicate that the absolute amounts of trace elements was established 
during initial accretion; in any subsequent melting and recrystall-
isation that has occurred, the distribution of these elements was 
controlled by crystallochemical factors. 
Finally, the proposal that the moon is an early, high-
temperature condensate from the solar nebula with a bulk composition 
similar to that of an Allende Ca, Al-rich inclusion (Anderson, 1973a, 
b) was examined by means of a high-pressure, high-temperature 
experimental study of the melting relations of such material. The 
phases on or near the liquidus were not those postulated by Anderson 
as major phases of the lunar interior. It was also found to be 
difficult to produce the composition of the outer 250 km of the 
moon from the results as Anderson proposes. From these, and other 
considerations, Anderson's proposals are considered unlikely. 
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Abstract 
The solar system is believed to have condensed out of a 
contracting disc of gas and dust, the primeval solar nebula, a little 
over 4.6 billion years ago. The size of the primeval solar nebula is 
under dispute. A class of meteorites, the carbonaceous chondrites, 
appear, on the basis of the abundance of the non-volatile elements, to 
be the closest available approximation of primordial solar system 
material. A study of the elemental abundances in such meteorites would 
help in an understanding of their formation and further advance our 
knowledge of the conditions prevalent in that part of the solar nebula 
where the meteorites condensed. Of particular interest in such a study 
are the Rare-Earth Elements. The Allende, type III carbonaceous 
chondrite is a valuable meteorite to study in this context because of 
the wealth of material available for investigation and because of its 
unusual heterogeneity, many interesting features being displayed. 
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Introduction 
As the results presented later in this thesis are used in an 
appreciation of a wide range of fields it was felt desirable to give a 
brief outline of these fields, together with the reasons for under-
taking the present study, at the outset rather than impede the 
discussions in later chapters with lengthy background. This chapter 
is therefore concerned with the outlines of the relevant ideas etc., 
current at the outset of this research and later elaborated in the light 
of the results from the present study. 
The Formation of the Solar System 
In trying to understand the formation of the sun and her 
family we are delving into processes that took place a very long time 
ago; probably 4.6 billion years ago and possibly as many as 5 billion 
years. In many cases the results of the original processes have, no 
doubt, been altered and obscured by later geological events such as 
metamorphism, collisions, differentiation etc. Even so, speculation does 
not reign supreme. With our increased knowledge and understanding of the 
physical and, particularly in recent years, of the chemical properties of 
the solar system, we can, with more certainty than even before, sift out 
from among the many and diverse theories of the origin of the solar 
system propounded over the last two centuries the more likely ones. 
This has led to the rejection of the generally older, 
incidental theories of solar system origin, which assumed that planetary 
and solar formation were separate events, and the rise in popularity of 
theories which assume the formation of the planetary system to be closely 
related to the formative or evolutionary process of the sun, the 
inherent theories. 
The most widely accepted view today of the formative process of 
the solar system envisages the collapse of a slowly rotating, chemically 
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homogeneous cloud of gas and dust with a composition similar to that 
observed in the solar photosphere at the present time. The collapse, 
brought about initially by radiation pressure from the surrounding 
stars and later by the cloud's own gravity, resulted in the original 
spherical cloud becoming flattened to a disc. The solid bodies of 
the solar system then aggregated from the disc. 
The dispute today is over the size of the primeval nebula. 
Some researchers (Prentice, 1973) envisage that the primeval nebula 
was only just massive enough for the present bodies of the solar 
system to have accreted from it. Consequently the planets would have 
accumulated at a low temperature and their accumulation must have been 
an efficient process. Others prefer the idea that the primeval solar 
nebula was very large, possibly a few solar masses, which resulted 1n 
the planets accreting at a high temperature. In these models the 
temperatures and pressures in the solar nebula are of importance 1n the 
determination of the condensation sequence of the elements and 
compounds. Modern treatments of the problem can be found in Hoyle 
(1960), Hoyle and Wickramasinghe (1968) and Larson (1969). Clarke et 
-
al. (1972), McCrea (1972) Mestel (1972) and Reeves (1972) have recently 
- I 
given short reviews. 
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In a long series of papers Cameron (1962, 1963, 1969, 1971, 1972, 
Ezer and Cameron 1963) attacked the problem. The work culminated in 
detailed models picturing approximate temperature and pressure structure 
and the dynamics of an evolving nebula of two solar masses, presented 
in Cameron (1972b, 1973) and Cameron and Pine (1973). These models 
0 
estimated the temperature to fall from over 2000 Kat the centre of the 
nebula to below 100°K at 10 A.U. radius. Likewise pressure fell from 
-2 -5 10 atm to 10 atm. Such models,however, require the loss of a large 
amount of material since it is not all used in the building of the 
solar system. In fact they require nearly one solar mass of material to 
have been lost. 
It is of interest to note in passing that there appears to be 
observational evidence in support of the condensation of stars from 
clouds of gas and dust. One such Bok globule (Bok and Reilly 1947, 
1948) has, since its discovery, begun to emit light. It is not 
unreasonable to suppose that planetary systems may sometimes form 
during such a process. 
The Meteorites 
If it were not for meteorites, man would today have no solid 
material from the solar system other than that obtained from the Earth 
and, more recently, from the Moon. It is now thought that the Earth 
and the Moon (Brett, 1973) accreted homogenously and have since undergone 
differentiation resulting in non-uniform layering of the elements and 
compounds inside them. Since at present we cannot sample the interiors 
of the Earth and the Moon they are of little value in studying the 
primary planet forming processes occurring in the primeval solar nebula. 
However, a comparison of the chemical compositions of meteorites with 
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that of the solar photosphere, presumed to have a composition similar to 
that of the primeval solar nebula, has shown that certain meteorites 
appear to possess the non-volatile elements in their primordial abundances. 
In these products of extra-terrestrial rock-forming processes then we have 
an invaluable source of primitive material believed to originate from the 
asteroidal region. 
By far the most abundant type of meteorite to fall to the surface 
of the Earth at the present time, amounting to 86% of all falls, are the 
chondrites. The chondrites are composed of a fine-grained fraction 
referred to as matrix and a characteristic coarse-grained fraction called 
chondrules, irregular to spherical bodies ranging from~ 0.3 mm to over 
1 cm in diameter, containing in many cases textural evidence of being the 
solidification products of rapidly quenched molten droplets. Olivine 
and pyroxene are the most common minerals in chondrules. A 
classification of the chondrules by Van Schrnus 
them into five chemical groups based on, 
a) ratio of metallic to total iron, 
b) Fe/Si and Mg/Si ratios and, 
c) the degree of oxidation of iron. 
and Wood (1967) divides 
Each chemical group is further divided into a maximum of six 
petrologic types which reflect the range of chondrule-matrix inter-
growth, essentially a measure of the degree of post-accretional meta-
morphism, type 6 being the most strongly metamorphosed. 
The chondrites have apparently been little altered by post-
formational chemical or physical planetary processes. The most 
volatile-rich chondrite type are the Cl chondrites. The relative 
abundances of the nonvolatile elements in Cl chondrites also closely 
match their abundance determined from the solar spectnnn. Anders 
(1971b) has also shown that a plot of the abundances of the odd-mass 
nuclides in Cl chondrites against their mass numbers yields a smooth 
curve. On the basis of elemental abundances, the Cl chondrites are 
today accepted as the closest available approximation to primitive 
solar system material (Mas~n,1963~ Larimer and Anders, 1967; Cameron 
1968; Anders 1971a). However, although the Cl chondrites are the most 
primitive, the Cll and Clll chondrites are the more varied mineralog-
ically, with potentially greater information content. 
A study of the elemental abundances between the components of 
a meteorite and between meteorites themselves could, therefore, be of 
significance not only in our understanding of their formation but also 
in our knowledge of the conditions prevalent in that part of the 
primordial solar nebula at that time. Any results and conclusions from 
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such an investigation could also further our appreciation of the 
formation of the planets themselves about which there is, at present, 
active dispute. 
The Rare-Earth Elements 
A group of elements of particular interest in the study of 
chemical abundances and fractionations are those with atomic 
numbers 57-71, the lanthanides, and yttrium (z=39). Together they 
comprise the rare-earth elements (REE), strongly metallic elements 
with almost identical chemical properties. Under most conditions 
the REE exhibit a 3+ oxidation state. They are strongly lithophile. 
Under strenuous conditions some of the elements of the rare-earth 
group can be oxidised to the 4+ or reduced to the 2+ oxidation 
states. Although there is a steady decrease of ionic radius with 
increasing atomic number, known as the "lanthanide contraction", the 
0 
radii of the REE are all approximately lA. It is this "lanthanide 
contraction" which is responsible for the small differences in 
chemical properties that do exist among the individual REE in their 3+ 
oxidation states. The REE have been considered classically to 
constitute a coherent geochemical group and to behave as an entity 
more than as individual elements during common, natural separation 
processes. This is true in so far as where one REE is found in nature 
all the others are also present but the coherence is not so great that 
partial separations or fractionations among the members of the group do 
not occur. 
Elements as heavy as the rare-earths are thought to be formed 
during stellar evolution principally by successive neutron caputre, 
partly on a slow time scale, achieving stability by means of beta decay 
between neutron captures CS-process), and partly on a time scale so 
short that beta decay cannot occur between neutron caputres Cr-process) 
7 
(Burbidge, Burbidge, Fowler and lloyle, 1957 , Seiger, Fowler and 
Clayton, 1965). 
During the production of solid materials in the early 
history of the solar system, it is the REE as a group which would be 
expected to be least altered from the primordial in relative abundances. 
Since it is the carbonaceous chondrites which appear to possess a 
chemical composition most like that of the primeval solar nebula one 
would expect the abundance of the REE in this class of meteorite also 
to be representative of their abundance in the solar nebula. Schmitt 
et al. (1963, 1964), suggested that relative REE abundances in different 
kinds of meteorites are constant. This was based on the analysis of 
REE in 20 chondrites. Philpotts and Schnetzler (1971) discussed the 
REE abundances 1n chondrites along the same lines. However, Larimer 
(1967), Ahrens et al. (1969) and Larimer and Anders (1970) considered 
that REE fractionations among or within different kinds of chondrites 
would be expected. This was based on a study of oxidation-reduction 
and temperature conditions, which might have been responsible for 
chemical fractionations, since Eu, Yb and Ce can exist in different 
valency states to the remaining REE. Small REE fractionations among L-
chondrites has been noted by Masuda et al. (1973). Nakamura and Masuda 
(1973) observed a positive Ce anomaly in Khohar (L3) and a positive 
Yb anomaly in Abee (E4). Further fractionations in three carbonaceous 
and other chondrites as well as differences in absolute abundances have 
been observed by Nakamura (1974). 
Consequently a study of the distribution of the REE in the 
various components of a meteorite may be especially significant. 
The Allende Meteorite 
Research on carbonaceous chondrites had always been limited to 
some degree by the small size of most of these meteorites until the fall 
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of the Allende meteorite near Parral, Mexico in the early morning of 
Saturday, 8 February 1969. This unique event in the history of 
meteorites provided the scientific world with a wealth of type III 
carbonaceous chondritic material. Numerous individual samples 
weighed many kilograms; in fact over two tons from an estimated fall 
of four tons has been collected. A comprehensive description of the 
fall and recovery, and of the chemical and mineralogical features of 
the Allende meteorite has been published by Clarke et al. (1970). 
Studies have revealed a variety of unusual features of 
composition and structure in this meteorite. The principal components 
identified are discussed breifly below. 
1) Matrix - The dark matrix, amounting to approximately 60 volume 
percent of the meteorite, consists largely of idiomorphic grains of 
iron-rich olivine together with pentlandite andtroilite, chromite and 
native copper. The carbonaceous matter probably exists as a thin film 
coating the individual crystals. 
2) Chondrules (approximately 30 volume percent) - The remarkable 
variety of chondrules observed in Allende can be divided into two main 
groups on the basis of mineralogical and chemical composition, and into 
many different textural types. The majority of the chondrules consist 
of magnesium-rich olivine, sometimes with clinoenstatite and interstitial 
glass. However, a few percent of the chondrules are rich in calcium and 
aluminium, with fassaite, gehlenite, anorthite and spinel being the 
predominant major phases. 
3) Aggregates - A prominent feature in the Allende meteorite are 
irregular aggregates, usually white, pale grey or pink in colour. They 
comprise about 10 volume percent of the meteorite and occasionally show 
narrow but distinct rims against the matrix. They are very fine-grained, 
spinel and calcium-magnesium alumina silicates being the major phases. 
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The identification of grossular in some of these aggregates (Clarke et al., 
1970) is the first recorded occurrence of this mineral in meteorites. 
Of these components, it is the Ca, Al-rich chondrules and 
aggregates which have been the subject of intensive research and 
speculation as to their origin since a comparison of their mineral-
ogies with condensation sequences of a cooling gas of solar composition 
(such as the primeval solar nebula) as determined by Lord (1965), 
10 
Larimer (1967) and Grossman (1972) has led some researches (Marvin et al., 
1970~ Larimer & Anders, 1970) to suggest that these chondrites and 
aggregates are indeed early condensates from the solar nebula. This is 
investigated further later. 
The interesting features of such a heterogeneous meteorite as 
Allende make it an ideal meteorite for its chemistry, chemical fraction-
ations and mineralogy and petrology to be examined for information 
regarding the formation of the individual components and of the 
meteorite itself. Such investigations might also have distinct bearing 
on our knowledge of the conditions prevalent in the primeval solar 
nebula during the condensation of the elements and compounds and of the 
formation of solid bodies in the region of aggregation of this meteorite. 
Grossman and Larimer (1974) have recently published a review of 
the sequence of condensation of mineral phases from a cooling solar 
nebula, with particular reference to the information gained and the 
problems posed by studies of the Allende meteorite. 
This thesis is concerned with various chemical studies of the 
Allende meteorite. Chapter II reports the results of a study of the 
chemical abundances in components of the Allende meteorite and their 
bearing on the problems outlined above. Chapter III is concerned with 
an extention of the results presented in Chapter II by examining 
elemental abundances in separate minerals from some components of 
Allende with particular reference to condensation of a gas of solar 
composition. The next chapter examines Anderson's (1972, 1973a,b) idea 
that the Moon is a high-temperature condensate with a major element 
chemistry similar to that of a Ca, Al-rich inclusion from the Allende 
meteorite. This is examined by means of an experimental high-pressure, 
high-temperature investigation of the mineral assemblages of such a 
composition and their application to our knowledge of lunar structure, 
chemistry and evolution. Finally, a conclusion, Chapter s,attempts to 
tie together the results from the previous chapters and those of other 
researches on the broad issue of the early history of the solar system. 
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Abstract 
Major and trace element abundances were determined for 
fifteen Ca, Al-rich aggregates, ten melilite chondrules, and an 
olivine chondrule and two olivine-rich aggregates from the Allende 
meteorite. On the basis of these abundances, particularly of the 
REE, four distinct groups are identified. Group 1, the melilite 
chondrules, have an unfractionated lanthanide distribution averaging 
10-15 times chondrites. Also included in this group are three of the 
Ca, Al-rich aggregates. Group II comprises eight of the aggregates 
and shows the heavy REE to be strongly depleted with respect to the 
light REE with negative Eu and positive Yb anomalies. The remaining 
Ca, Al-rich aggregates comprise Group III and have relatively 
unfractionated REE abundances at about 20 times chondrites but with 
negative Eu and Yb anomalies. The olivine-rich material of Group IV 
has relatively low unfractionated REE abundances at 2-4 times 
chondrites. 
The major and trace element abundances in these four groups 
generally support the fact that the Ca, Al-rich material would 
represent condensates from a cooling gas of solar composition prior to 
the condensation of the Fe, Mg-rich material. The most likely 
explanation of the REE abundance pattern of the Ca, Al-rich aggr egates 
is chemical fractionation between gas and solid phases if condensates 
were removed from the gas before equilibrium was reached. The fine-
grained texture of the Ca, Al-rich aggregates suggests rapid cooling. 
It is suggested that the chondrules and Ca, Al-rich aggregates were 
produced during the same high-energy event, most likely collision , t he 
aggregates cooling under lower pressure conditions. 
The suggestion that the Group II material is depleted in 
r-process isotopes compared to other solar system material is examined. 
No such effect was revealed. 
13 
Introduction 
In the previous chapter the importance of the study of chemical 
fractionations in meteorites, particularly type III carbonaceous 
chondrites since they are amongst the most primitive meteorites avail-
able for study and are the more varied mineralogically, was stressed, 
emphasising that the results from such a study could help not only in 
our knowledge of the formation of the meteorite but also on the 
conditions in the primeval solar nebula during element and compound 
condensation and their accumulation. It was also pointed out in the 
previous chapter that the Allende type III carbonaceous chondrite is a 
valuable meteorite to examine in this context because of its 
heterogeneity, many contrasting components being present, and the 
unique amount of material available for study. 
This chapter reports the results from an investigation into 
the elemental abundances in the components of the Allende meteorite and 
their bearing on the problems previously outlined. 
Sampling and Measurement 
Major and trace element abundances were determined for fifteen 
Ca, Al-rich aggregates, ten melilite chondrules, an olivine chondrule 
and two olivine-rich aggregates from the Allende meteorite. Trace 
element abundances were also obtained for two matrix samples and one 
bulk sample. The samples were kindly supplied by Dr. B. Mason of the 
Smithsonian Institution, Washington, U.S.A. The samples, except for 
3942, 5583, 3866, 2963, 5136, 4033 and 4536, were extracted from the 
meteorite at the Smithsonian Institution. As far as possible the 
chondrules and aggregates were extracted from the matrix by simple 
mechanical tools and hand-picking to avoid contamination; however, 
for some samples methylene iodide was used to separate the den ser matrix 
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from the less dense chondrules and aggregates. The first matrix 
sample, matrix 'a', was prepared by gentle crushing of pieces of the 
meteorite and sieving the crushed material;the material that passed 
through a 325-mesh screen was taken as matrix. However, because of 
possible contamination by material from the fine-grained aggregates 
a second matrix sample, matrix 'b', was prepared by the same 
technique but using pieces of the meteorite as far as possible free 
of the aggregates. 
The seven aggregates separated at the A.N.U., Canberra, 
were extracted by similar means. The specimen containing the 
aggregate was gently crushed in a pestle and mortar and pieces of 
aggregate free of matrix contamination were removed by hand picking. 
The procedure was repeated a number of times, each time only pieces of 
aggregate free of matrix contamination being removed.· 
Mineral identification and analysis was carried out using 
microscope, X-ray powder diffraction and electron-microprobe techniques. 
Compositional data for the major elements were obtained by microprobe 
analyses of glasses prepared by melt ing the material on an iridium 
strip through which a variable electric current could be passed via a 
variac connected to the mains supply. The trace element data were 
obtained by spark source mass spectrometry, using the procedure 
described by Taylor (1971) but with improved and extended data 
reduction techniques (see Appendix A). The precision is about.::_ 5% 
for the REE and the accuracy about .::_ 10% but varies somewhat, being 
poorer for the elements below mass number 105 than for those with higher 
mass numbers. 
Because of the lack of suitable standards, the accuracy for 
the platinum elements (Pt, Lr, Os,Re) 1s not well established, though 
the relative abundances are certainly reliable. 
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Results 
Major and trace elemental abundances for the specimens 
studied are shown in Table 2.1. The chondrite-normalized REE 
abundances are plotted in Figs. 2.1 - 2.5. The factors used in the 
chondrite-normalisation are given in Appendix B. 
The Allende samples can be grouped in various ways using 
visual, chemical, petrological and textural parameters. Visually the 
meteorite can be seen to be composed of three components, matrix, 
chondrules and aggregates. Such a relationship can also be disting-
uished on textural grounds, but here the chondrules exhibit a wide 
variety of textures. On a petrological basis the chondrules can be 
divided essentially into two distinct groups, namely olivine-rich (Mg, 
Fe-rich) and Ca, Al-rich ones, the former being the more abundant. 
The chemical abundances of the specimens studied as shown in Table 2.1 
confirm this and also allow the aggregates to be divided into more than 
one type, particularly on the basis of their REE abundances. A 
compilation of these considerations enables the components of Allende to 
be catagorised into four distinct groups. Briefly these groups are:-
a) Group 1 - melilite chondrules plus Ca, Al-rich aggregates with 
unfractionated chondrite-normalised REE abundance patterns. 
b) Group 11 - Ca, Al-rich aggregates with fractionated chondrite-
normalised REE abundance patterns. 
c) Group 111 - Ca, Al-rich aggregates with unfractionated chondrite-
normalised REE abundance patterns except for negative Eu 
and Yb anomalies. 
d) Group lV - Olivine-rich material. 
The range and arithmetic average of each element studied for 
each group are given in Table 2.2 
Group 1, the largest group, can be characterised as melilite 
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TABLE 2.1 
CHEMICAL ABUNDANCES IN COMPONENTS OF THE ALLENDE METEORITE (OXIDES IN WEIGHT PERCENT, ELEMENTS IN PPM) . n . d . MEANS NOT DETECTED; - MEANS NOT DETERM1N ED 
5/.WLE 
N\ICBER 26 29 30 31 32 33 36 3529G 3658 3898 5171 3882 4033 5136 37 3598 3643 3803 4691 4692 3866 5575 3593 4698 3942 5583 24 3529P 4060 A-J MATRIX a MATRIX b 
GROUP lb lb lb 11 11 11 II 11 11 11 II 111 111 111 Ill IV IV IV 
Sio
2 
34 . 6 26.5 29.4 29.9 31.1 27 . 9 35 .5 29.8 30 . 9 24 . 9 35 . 1 35 . 1 38.0 30 . 4 33.0 27.8 24.9 34.5 17 .7 31.6 33 . 2 34 . 6 24.5 20.5 31.1 27.9 44 .2 39 . 9 38.8 40 . 2 
Ti0
2 
1.25 1.5 1.3 0.96 1.1 1. 4 1.98 0 . 99 1.3 1.4 1.1 0.56 1.1 7 1.13 0 . 30 0.94 1.3 0.46 I.I 0.39 1.13 0.44 0 . 96 0.74 0.64 0. 82 0.18 0.24 0 . 30 0.12 
Al
2
0
3 
26 .5 30 .1 30.3 26.7 27 . 3 29 . 8 10.8 31.6 29.8 32.6 21.5 32.8 26.3 34 . 2 19 . 3 38 . 5 36.3 19 .3 44.0 30 .5 29.4 30 . 4 40 .3 43 . 3 29.3 36.2 3 . 6 9.4 6.2 17. 8 
FeO 2.24 1.9 3.1 2.96 1.4 1.4 16.0 0 .37 0.80 0.88 2.3 5.9 0 .24 4 .28 10.9 4 .5 6.0 12 .2 1.3 6 . 8 7. 80 14.6 3.9 3 .7 11.8 7.4 11.0 10. 9 10.5 8 . 8 
MgO 8.75 9 .0 9 . 8 8.96 12.6 9.9 14.3 10 . 8 10 . 4 6.9 12 .1 10 . 4 11.3 4 .40 14 .7 11.6 7.5 16.6 10 . 1 11 .2 12.7 18.8 13.6 15.4 13 .7 8.2 35 . 4 23.5 31.8 15.2 
cao 26 .l 30 . 3 23.9 30.3 23.2 28.1 18.8 26 . 8 26 . 0 33.3 28.8 13.8 22 . 9 25.S 8.8 13.4 19.9 8.6 24 . 0 11 .2 12.4 9.85 11.4 11 . 4 11 . 3 17 .9 2.9 8.3 5.1 5 .3 
Na
2
o 0.34 0.33 0.92 0.21 0 . 56 0 . 30 2. 11 0.11 0.22 0.18 0.62 1.38 n . d . n . d . 3 . 4 3.b I.I 3.4 0.39 4.7 3 . 15 1.25 1.8 1.3 2.03 1.40 0.68 2.7 1.6 10.6 
K
2
o n.d . 0 . 06 n . d . n.d. 0.08 0.02 0 . 33 n .d. n . d . n.d. 0. 03 n.d . n . d . 0.08 0.04 0.04 0.05 0.26 0.02 0.26 0.23 0.06 0.05 0.04 0.08 0 . 08 0 . 03 0.20 0.12 0 .6 
Rb 
ST 
y 
Zr 
Nb 
It> 
Sn 
Cs 
Ba 
La 
Ce 
Pr 
Nd 
Sm 
Eu 
Gd 
To 
Dy 
Ho 
Er 
Tm 
Yb 
Hf 
Th 
u 
Pt 
Ir 
Os 
Pd 
Ru 
0.43 0.19 0.48 0 . 20 0.45 0 . 05 
173 149 110 104 109 197 
5 . 4 n.d . 0 . 14 0.08 0.93 
5 . 1 161 107 116 138 
1.3 0.30 
91 103 
l. 7 
89 
20 
46 
2.3 
42 
1.9 0.47 
24 83 
6.1 0.42 
26 73 
5.3 6.9 
18 33 
3.4 
32 
2.9 
1. I 
43 
41 
113 
9. I 
9.8 
1.2 3.12 
28 66 
I. I 
Ill 
33 
I. I 
20 
4 . 3 
20 
19 
I. 6 
4 .3 
13 
4 .2 
9.5 
26 
2 . 5 24 
56 
I. 9 
8. 2 
24 
48 
3.3 
7.b 
17 
46 
3.5 
9.7 
15 
35 
3.0 
9.3 
24 
59 
4 .7 
14 
29 
60 
5.1 
12 
16 
47 
3.1 
4.2 
29 
72 
3.7 
13 
23 
62 
3.0 
13 
20 
53 
4.3 
12 
23 19 
56 49 
4 .4 3. 2 
7.4 10.3 
22 
69 
3.9 
7.9 
1. 9 
8 . 2 
3.0 0.96 7.6 0.86 2.5 0.94 0.80 
6.7 2.3 14 .0 1.9 7.2 2.2 3 .3 6.7 
1.4 2.2 4.7 0.94 2.6 1.2 5 .4 0.8 
n.d . n.d. 0 . 60 0.62 n . d . n .d. n . d . n :d. 
36 32 
99 78 
1.9 0 .77 
4.2 5.3 
67 9 . 9 3 .8 II 25 
2.9 0.89 0 . 54 0 . 85 0 .26 
7.6 n . d. 0 . 96 I.I 1 . 4 
0.29 0.18 0.11 0.12 n .d. n.d . 0.31 0.92 1.2 0. 72 13 0.74 0.16 0 . 25 
n.d. n.d. n.d. n.d . n.d. n .d. 0 . 32 0.16 n . d. n.d. 0.08 n .d. n.d. n . d . 
7.4 0.24 0 .13 0 . 40 0.08 0.35 0.29 0.6 0 .20 0.19 0 . 59 n . d . n.d . 7.7 0 . 18 0.47 
n . d. 0.18 0.07 0.12 n.d. n.d. n . d. n.d . n . d . 0.08 n . d. n.d . n . d . 0.62 0.17 0 .23 
104 
4.7 
11 
I. 6 
6 . 9 
2.2 
51 
4.1 
11 
11 
6 .6 
2.2 
1.1 0.99 
3 .1 3.1 
68 
4.0 
12 
1.4 
6.0 
I. 7 
38 
3.3 
8 .2 
1. 2 
5.4 
I. 8 
49 
3.9 
10 
1. 4 
6.3 
2.0 
49 
4 . 4 
12 
1.6 
6.7 
2.1 
3 . 4 
3.2 
8 .9 
I. 3 
5 . 9 
2.0 
1.0 0.89 0 . 91 0.98 0.94 
3.0 2.5 3.1 2.6 2 . 6 
63 60 
4.7 4.3 
11 11 
1.8 1.6 
9. 0 7 . 1 
3. 2 2. 3 
1.2 I.I 
3.6 3. 7 
o.51 a . so a.so o.41 a.so o.4s o.48 o . 64 o.65 
3 . 6 3.4 3.4 3 . 0 3.7 3.4 3.3 4.8 4 . 8 
0.91 0 . 92 0.80 0. 77 0.92 0.88 0 . 86. 1.2 1.2 
2 . 8 2.8 2.3 2.2 2 . 5 2.5 2.7 3.2 3.8 
68 
4 . 5 
II 
I. 9 
8.6 
2.7 
23 19 
3 . 2 S. 9 
9 .8 9 . 7 
1.2 2.0 
5.4 9. 2 
1.8 2. 7 
69 
3.4 
11 
1. 3 
5.4 
1. 8 
8.2 
3.4 
II 
I.:; 
5.' 
2. 0 
19 
4.5 
10 
l. 6 
7.7 
2.8 
13 
6.7 
16 
2.6 
12 
3 . 3 
19 
4 . 4 
14 
l. 8 
7.8 
2.8 
15 
3. 7 
13 
1. 6 
6.2 
2.2 
2.2 
13 
3.1 
4.7 
20 
6.2 
6. 2 13 
11 S. 3 
2. 6 19 
4 . 3 2. 3 
18 8. 9 
5 . 6 2. 7 
16 
4.3 
13 
1. 8 
7 .4 
2.5 
10 
5.8 
15 
2. I 
9 .9 
3.1 
21 27 
6.5 10.3 
11 24 
2. 2 3.65 
11 15.3 
3.1 5.2 
31 JI 9.8 9.8 IS 
s. 1 o. 19 1.9 o.99 a.so 
13 4.8 4 .8 2.5 I.I 
2. I O. 35 0. 72 0. 32 0. 13 
9.9 1.6 3.1 1.7 0.50 
3.3 0.49 I . I 0.60 0.15 
1.3 0.76 0.65 0.77 0.66 0.31 0.18 0 . 69 0.17 0 . 62 0. 13 0.28 0.22 0.36 0.25 0.60 0 .7 4 0 . 13 0.17 0.12 0.16 
4.0 2.2 3.7 2.5 2.5 2.4 I. 6 J . 9 0.84 3.8 2. 9 1. O 0. 94 4.6 4 . 5 7.5 4 . 2 0.46 I . 1 0 .7 0 0.18 
0.71 0 . 42 0.70 0 .4 7 0.66 0. 37 0.20 0 . 30 0.12 0.52 0.35 0.13 o. 14 0.81 0.82 1.2 0.67 0.08 0.17 0 . 12 0.04 
4.7 2.5 2.8 3.1 3.0 2.1 1.0 1.8 0.66 2.6 1.6 0.67 0.81 6 . 5 6.5 7.2 4.3 0 . 53 0.92 0 .79 0.27 
1.2 0.59 0.72 0.80 0. 80 0.22 0 . 08 0.34 0 . 07 0.21 0.10 0.07 0.13 l.7 2.3 1.6 I. I 0.13 0 . 15 0 . 19 0.06 
3.6 1.9 2.2 2 .3 2. 4 n.d. 0.22 0.91 0.15 0.43 0.13 Q.19 0 . 28 4.9 6.0 4 .0 3.4 0.38 0.42 0.60 0.16 
0.36 0.41 0.30 0.37 0 .33 n.d . 0.36 n.d. 0.46 0.45 n .d. 0.46 0.45 0.37 n .d. n.d . 0.74 0.71 
1.9 0.74 
2.5 2.2 
0 . 72 0 . 70 
0. 09 n.d. 
n.d. n . d. 0.24 n . d . 
2.6 
I. 2 
2.5 2.1 2.3 
1.0 0.83 0.99 
2. 2 2. 3 
1.2 n.d . 
0.41 0.42 0.38 0.34 0.44 n.d. 
2.8 
1. 6 
3.4 
1.5 
0. 17 n.d. 
3.4 
1. s 
3 .v 
I. 8 
2.7 2.1 
1.3 0.96 
0.61 0.54 n.d. n . d. 
2.4 
1. 3 
n.d. 
n.d . 0.06 0.07 0.06 0.47 n.d . n.d . n.d. 0.12 0.05 n.d. n.d. n . d. 
5 . 5 4 . 2 
1.9 n.d. 
0.34 n . d. 
0.97 n.d . 
5.8 n .d. 
5 .2 
2.3 
6 .6 
I. 4 
3.4 
2.3 
3 . 3 
1. 2 
5 . 8 2. 4 6. 3 
2.0 2.9 n . d. 
0.38 0.23 0.40 n .d. n.d. n.d. n.d. 
0.65 1 . 1 n . d . n.d. 0.60 0.99 n.d. 
7.0 5.0 8.6 5.8 6.5 7.4 n.d . 
5.7 
2.4 
3 . 8 
1.3 
0.37 0.26 
0.82 0.47 
6.0 5.2 
1.9 0.51 0.84 2.0 0.73 1.6 0.37 1.2 0.65 
I.I n.d. n.d . 0.38 n.d . n.d . n.d . n . d . n .d. 
0.30 n.d . 0.32 0.32 0.04 0.72 0.67 0.41 n . d . 
n . d. n.d. n.d . 0.09 n . d. 0 . 08 n . d. n . d. n.d. 
n . d. n.d . 0. 30 n.d. n.d. n.d . 
n.d. n.d. n.d . n . d . n . d. n.d . 
n . d . n.d. n . d . n.d . n . d. n.d. 
n . d. n . d . 0.54 0.39 n. d . n . d . 
n d . n . d. 0.7 2 0.80 n.d. n.d . 
4 . 6 
3 .S 
1. 2 
2. 3 
n.d. 0.34 
1. 89 1.42 
11.0 s.s 
0.86 1.4 0.64 0.47 0.70 0 . 29 
1.5 1.2 n . d . n.d. 0.33 0.84 
n.d. 0.63 n.d . 
n . d. 0 . 68 n.d. 
0 . 17 0.06 0.22 
n . d . n.d . 0 . 06 
n.d. n.d. 
n .d. n.d. 
1.6 n.d. 
0. 7 n . d . 
n . d . n.d. 0 . 11 n.d. 
n.d . n.d. 0.91 0.28 
n.d. n . d. 1.7 1.2 
27.9 
0.70 
2. 48 
0.26 
I. 07 
0.33 
0 . 10 
0 . 46 
o. 10 
0.61 
0. 19 
0.45 
0 . 07 
0 . 32 
0. 22 
0 . 31 
n.d. 
4 . 92 
0.43 
1.18 
0.17 
0 . 74 
0.21 
0.07 
0 . 25 
0.05 
0 .32 
0.17 
0. 24 
n.d. 
0. 22 
n.d 
n . d . 
n.d. 
,, 
....Jo 
......J 
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TABLE 2. 2 
RANGE AND ARITHMETIC AVERAGE I EACH OF THE ALLENDE GROUPS (OXIDES IN WEIGHT PERCENT, EID1ENTS 
IN PPM) 
Group 1 Group lb Group 11 
Group 111 Group lV 
RANGE AV RANGE AV RANGE AV 
RANGE AV RANGE AV 
Si02 24.9 
35.1 30.0 30.4 - 38.0 34. 2 17.7 - 34. 6 26.2 20.5 -
31. l 25.8 38.8 - 45.2 42.0 
Tl02 0.96 - I. 5 1. 23 0.56 - I. 17 0.86 0.30 -
l.3 0.8 0.64 - 0.96 0.80 0. 17 - 0.30 0.23 
Al 203 21. 5 - 32.6 
27.0 26. 3 - 34. 2 29.3 19.3 - 44.0 31. 6 29. 3 - 43.3 36 . 3 3.4 -
9.4 6.4 
' 
FeO 0.4 - 3.1 1. 75 0. 84 - 5.9 2.83 I. 3 - 14.6 7.9 
3. 7 - 11. 8 7.7 9.6 - 11. 0 10 .3 
MgO 6.9 - 12.6 9.7 4.40 - 11. 3 7.9 7.5 - 18.8 13.2 8.2 -
15.4 11. 8 23.5 - 36.6 30 0 
Cao 23.2 - 33.3 28.2 13.8 - 25.5 19.6 8. 6 - 24. 0 16.3 
11. 3 - 17.9 14.6 2. 7 - 8 3 5.5 
Nai° 0. 11 - Q.92 0.51 0.00 - I. 38 0.69 0.39 - 4.7 2.5 I. 3 -
2.03 1. 67 0.45 2.7 J. 7 
K20 
0.00 - 0.08 0.04 0.00 - 0.08 0.04 0.02 - 0. 26 0. 14 0.04 - 0.08 0.06 
0.03 - 0 20 0 . 11 
Rb 0.05 - 0.97 0.51 0.30 - 1. 7 1. 0 0.42 - 6 . 9 3 .66 1.1 -
3. 12 2. 1 1. 1 - 2.0 1. 6 
Sr 110 - 200 155 89 - 103 96 24 - 83 54 28 -
111 70 13 - 20 16 
y 15 - 29 22 19 - 22 20 0.8 - 3.0 1. 9 32 - 41 
37 1. (l - 4.3 2.9 
Zr 35 - 72 53 46 - 69 58 1. 9 - 14 7.9 
67 - 113 90 3.8 - 11 7.4 
Nb 1. 9 - 5.1 3.5 1.9 - 3.9 2.9 0.94 - 5.4 3 .1 
o. 77 - 9. 1 5.0 0.54 - 0.89 o. 72 
Mo 7.4 14 10 . 7 7.9 - 10.3 9.1 0.00 - 0.62 0.31 
4. 2 - 9.8 7.0 0.9 - I. 1 1. 0 
Ba 63 - 104 83 8.2 - 69 38 2. 2 - 19 13 10 -
31 20 5 .3 - 9.8 7.5 
La 3.2 - 4.7 3.9 3.4 - 5.9 4. 7 3. 7 - 13 8.3 
5. 7 - 10.3 8.0 0. 79 - 1. 9 1. 34 
Ce 8.2 - 12 10 9 '. 7 - 11 10.4 2.6 - 19 11 
13 - 24 19 2.5 - 4.8 3. 7 
Pr 1. 2 - 1.9 1. 6 1. 3 - 2.0 1. 7 1. 6 - 4.7 3.1 2. 1 -
3.65 2.9 0.32 - 0. 72 0.52 
Nd 5.4 - 9.0 7.2 5.4 - 9.2 7.3 7.4 - 20 14 9.9 -
15.3 13 1. 6 - 3.1 2.3 
Sm 1. 7 - 3.2 2.5 1. 8 - 2. 7 2.3 2.2 - 6.2 4.2 3.1 -
5.2 4. 1 0.49 - 1.1 0 . 8 
Eu 0. 76 - 1. 3 1. 02 0.65 - 0. 77 0. 71 0.13 - 0.69 0.41 0.25 
- 0.60 0.42 0.13 - 0. 19 0.16 
Gd 2.2 - 4.0 3.1 2.5 - 3.7 3. 1 0.94 - 3.8 2.3 4.2 -
7.5 5.8 0.46 - 1. 1 o. 78 
Tb 0.41 - 0.71 0.56 0.47 - 0. 70 0.59 o. 12 - 0.52 o. 32 0.81 -
1. 2 1. 0 0.08 - 0.17 0. 13 
Dy 2.5 - 4.8 3. 7 2.8 - 3.1 3.0 0.66 - 2.6 1.6 4. 3 -
7.2 5.8 0.53 - 0.92 0. 73 
Ho 0 .. 59 - 1. 2 0.9 0 . 72 - 0.80 0. 76 0.07 - 0.34 0.20 1. 1 -
2.3 1. 7 0 . 13 - o. 19 o. 17 
Er 1. 9 - 3.8 2. 7 2.2 - 2.4 2.3 0. 13 - 0 . 91 0.52 3.4 -
6.0 4.7 0.38 - 0.60 o. 49 
Yb 2. 1 - 3.4 2.8 1. 9 - 2.4 2.15 0.65 - 2.0 1. 32 o. 74 -
J. 9 l. 32 0.47 0.90 0.69 
Hf 0.83 - 1. s 1.17 0.96 - 1. 3 1. 13 0.00 - 0.38 0.20 1. 2 -
2.5 1.85 ~0.:1 - <O. 3 
Th 0.34 - 0.61 0.48 0. 00 - 0.30 0 . 15 0.00 - o. 72 0.36 0. 63 -
0. 72 O.h!l 0.06 - o. J 7 ll.11 
chondrules,rounded bodies up to 25 mm diameter of melilite (40-75%), 
Al, Ti-rich pyroxene (10-25%), spine! (10-25%) and anorthite (5-15%) 
as maJor phases. (The mineral percentages in brackets are the 
range of abundances of the minerals from the samples, estimated by 
optical and X-ray means.) Samples falling in this group are 26, 29, 
30, 31, 32, 33, 3529G, 3658, 3898 and 5171. They have a coarsely-
crystalline igneous texture and are characterised chemically by high 
A1 2o3 (27-33%), high CaO (23-33%), low Si02 (24-35%), and a relatively 
unfractionated REE abundance pattern averaging 10-15 times chondrites, 
but with a small positive Eu anomaly. 
Group 1 samples have notably high Sr and low Rb, g1v1ng 
unusually low Rb/Sr ratios. Gray et al. (1973) and Wetherill et al. 
(1973) have analysed similar samples with concordant results. They 
87 86 . have also found that the Sr/ Sr ratios are the lowest yet recorded, 
that is the Sr is 'primordial' and has had essentially no radiogenic 
87
sr added to it. The other Allende samples they have analysed have 
much higher Rb, lower Sr and higher 87sr;86sr ratios and therefore 
probably belong to Group 11 or 111 as these are defined here. 
The samples classified as Group 1 also have notably low Na2o 
and FeO values; in fact some of the melilite chondrules are essentially 
iron and alkali-free, and some of the ferrous iron and alkali in others 
may have been a later introduction since microprobe analysis shows that 
these elements are often concentrated at the chondrule margins and 
along fractures. 
Sample 36 stands out in this group in having the highest Si02 
FeO, MgO and Na2o and the lowest A1 2o3 and Cao abundances. It also has 
high Cs and Rb values and low concentrations of Sr and Ba. Mineralog-
ically it is notable for a considerable content of grossular. However, 
its lanthanide abundance pattern is consistent with a Group 1 
classification. 
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Figure 2.1 Chondrite-normalised REE abundance patterns of some of the melilite 
chondrules of Group 1. 
N 
0 
On the basis of their minor element abundances, the Ca, 
Al-rich aggregates can be classified into three categories. Of the 
fifteen examined, eight define one distinct group, Group 11. This 
group comprises samples 37, 3803, 3598, 4691, 4692, 3866 and 2963. 
These are fine-grained irregular aggregates, (except for 4691 which 
is texturally similar to the chondrules of Group 1), with spinel, 
pyroxene, melilite and grossular as important phases and minor 
contents of nepheline and sodalite. Their chondrite-normalised REE 
abundance patterns are perhaps the most intriguing ever observed, 
certainly they are most unusual and very interesting. The light REE 
(La-Sm) are relatively high, with rapidly diminishing abundances of 
the heavier REE. Superimposed upon this are marked negative Eu and 
positive Yb anomalies. 
Another fine-grained aggregate, (3643), has trace element 
concentrations generally similar to those of Group 11 but its REE 
abundance pattern lacks the characteristic negative Eu anomaly. It 
has a considerable grossular content. 
Of the remaining fine-grained Ca, Al-rich aggregates, four, 
3942, 5583, 3593 and 4698, possess chondrite-normalised REE abundance 
patterns quite distinct from those of Group 11. These four aggregates 
are classified as Group 111. They have a relatively unfractionated 
lanthanide pattern at about 20 times chondrites, slightly higher for 
3942, on which are superimposed marked negative Eu and Yb anomalies, 
less so for 5583. Group 111 also have lower Si02 and higher Al 2o3, Y, 
Zr, and Mo than Group 11. 
The remaining three Ca, Al-rich aggregates (3882, 5136, 4033) 
exhibit chondrite-normalised REE abundance patterns whjch arc unlike 
those of Group 11 in being relatively un rract ionc.1tcd ;ind u,1 Ji kc tho ·, <· 
of Group 111 by not showing marked negative Eu an<l Yb anoma l i cs. 1 n 
fact their relatively flat, unfractionated lanthanide patterns at 10-15 
2 l 
times chondritic abundances more closely resemble those of the meJi1ite 
chondrules of Group 1 except for the absence of any positive Eu 
anomalies. It is difficult to know whether to classify these four 
aggregates as a subgroup of Group 1, which they do not resemble 
texturally, as a subgroup of Group 111 or as a group on their own. 
Since their elemental abundances most closely resemble those of 
Group 1, they are probably better classified as a subgroup of 
Group 1, namely Group lb, unless further research shows it better to 
merit them a distinct group of their own. 
The three samples classified as Group IV, 4060, 3529P and 24, 
are characterised by high Si02 and MgO and low Ti02 contents. They 
consist largely of olivine with lesser amounts of clinoenstatite 
and glass. They have a relatively low and unfractionated lanthanide 
distribution at 2-4 times chondritic abundances. Texturally 4060 and 
3529P are fine-grained aggregates whereas 24 is a large chondrule with 
a coarsely-crystalline igneous texture. 
The Ca/Al relationship between the four groups deserves 
special attention. Ahrens and von Michaelis (1969) have shown that the 
Ca/Al ratio (by weight) is practically constant in chondrites at 1.09. 
Fig. 2.6 shows that Group 1, lb, 11 and 111 materials deviate widely 
from this ratio, whereas Group · lV materials are close to it. The 
figure also illustrates a significant compositional difference between 
Group 1 and Groups 11 and 111, the former having a relatively high 
Ca/Al ratio, Groups 11 and 111 relatively low ones. Mineralogically 
this is expressed by the dominance of melilite in Group 1 samples and 
its absence or presence in only minor amounts in the other samples 
(except 4691). 
Y, Zr and Nb show rather coherent geochemical behaviour with a 
distinctive pattern in each of the four groups. They are most highly 
enriched in Group 111, notably enriched at about ten times chondritic 
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abundances in Group..~1 and lb, and relatively low (at about average 
chondritic level) in Groups 11 and lV. On examining the data for the 
individual samples it is apparent that whereas the ratio Zr/Nb varies 
considerably the ratio Zr/Y is much more constant. The Zr/Y coherence 
is illustrated in Fig. 2.7. The wide range of Zr/Nb ratios (Fig. 
2.8) is somewhat surprising since Graham and Mason (1972) found a 
limited range (10-32) for this ratio over a variety of meteorites, 
lunar samples, and terrestrial materials. The good Zr/Y correlation 
might be interpreta:lby assuming highly reducing conditions during the 
formation of the meteorite causing Zr to be trivalent in which case 
its ionic radius would be very close to that of Y and the two elements 
would tend to be closely associated geochemically. However the good 
Zr/Hf correlation, illustrated in Fig. 2.9, argues against this and 
suggests Zr is tetravalent. The Zr/Y correlation can best be explained 
by their similar condensation behaviour, evident in the work of 
Grossman (1973). 
Although precise quantitative data on the platinum-group 
elements (Ru, Rh, Pd, Os, Ir, Pt) could not be obtained from the spark 
source mass spectrometer records because of the lack of suitable 
standards, an appreciation of their relative abundances in each group 
could be obtained, if they were present, by a comparison of the intensity 
of their lines with those of the internal standard on the photographic 
plates. These elements were clearly present in Groups 1 and 111 and were 
not seen in samples from Groups 11 and lV. Pd appears to be depleted 
relative to the other platinum-group metals, a feature probably related 
to it having a considerably lower boiling point and hence being less 
readily condensed at high temperatures. 
One unusual chondrule analysed does not fit readily into the 
fourfold grouping here proposed. This chondrule, A-J, i s that 
described by Clarke et al. (1971 , pp. 39-41). It i s quite large, 8 mm 
28 
100 
50 
E 
Q. 
Q. 
-
'-10 N 
5 
0 
* * 
*~ 
8 
** 
29 
•• 
~t 
tit] • 
D 
• 
GROUP 
• I 
* 
II 
• 111 0 IV 
D lb 
l '-----'1 ________ 5...__ _ ___._10-----------=5~0----=1~00 
Figure 2. 7 
Y(ppm) 
The relationship between Zr and Yin i.ndivi<lual 
samples. 
100 
-E 
a. 
c.. 
-
50 
.... 10 
N 
5 
0 
Figure 2.8 
• 
* 
• 
0 
D 
GROUP 
0 
0 
I 
I I 
I I I 
IV 
lb 
• 
D 
• 
* 
* * * 
* 
** * 
1 5 
Nb(ppm) 
The relationship between Zr and Nb in 
individual samples. 
30 
10 
100 
50 
-E 
~10 
-~ 
N 
5 
* 0 
• 
* • 0 
D 
• 
~: 
. ~ 
• 
.~ D 
• 
• 
GROUP 
I 
11 . 
I I I 
IV 
lb 
lL--------~i.......--~------
0.1 ( 0.5) 1 
Figure 2.9 
Hf ppm 
The relationship between Zr and Hf in 
individual samples. 
31 
in diameter, and consists of nepheline, socialite, pyroxene, and 
olivine. The lanthanide concentrations are low with a positive Eu 
anomaly. 
The bulk sample shows a relatively flat unfractionated 
chondrite-normalised REE abundance pattern at about 1.3 times 
chondrites (see Fig. 2.5). Slight enrichment of the light REE 1s 
indicated. Certain elemental abundances in other bulk samples of 
Allende have also been published by Clark et al. (1970), Wakita 
and Schmitt (1970) and Tanaka and Masuda (1973). They are shown for 
comparison with the results from this study 1n Table 2.3. In 
general the agreement is good. The results of Tanaka and Masuda 
(1973) tend to be slightly higher than the others for the light REE 
(La-Eu) and the values for Gd, Tb and Dy of Clarke et al. (1970) are 
unusually high in comparison to the rest. The values for the heavy 
REE are all lower in this work. The results for the elements besides 
the REE are also lower in this work than in that of Clark et al. 
(1970). The Ba value for the bulk sample quoted by Tanaka and 
Masuda (1973) is very high indeed though they see no reason to 
disbelieve it. In view of the Ba values quoted here and by Clarke 
et al. (1970) it would seem more likely that the high value of Tanaka 
and Masuda (1973) is due to contamination. No doubt the other 
differences in elemental abundances between the four analyses quoted 
can be ascribed to the unusual heterogeneity of the meteorite and the 
small amount of material from which bulk samples were obtained. 
As can be seen from Fig.2.5, the matrix 'a' sample gave a 
REE abundance pattern similar to that of the bulk sample but with 
slightly higher abundances. It was rather odd that the REE abundances 
in all of the components of Allende studied (except for A-J, an 
unusual specimen) were higher than in the bulk sample. Tanaka and 
Masuda (1973) also encountered this problem. It was thought that the 
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TABLE 2.3 
ELEMENTAL ABUNDANCES IN WHOLE ROCK ALLENDE SAMPLES 
This work Clark et al. Wakita and Tanaka and 
(1970) Schmitt (1970) Masuda (1973) 
Rb 0.77 0.9 1.3 
Sr 9.96 13 
y 1.97 2.0 3.0 
Zr 6.40 9.0 
Nb 0.51 0.9 
Mo 1.32 2.0 
Ba 4.42 5.0 108 
La 0.48 0.7 0.44 0.663 
Ce 1.34 1.0 1.25 1.69 
Pr 0.18 0.2 0.2 
Nd 0.84 0.9 0.91 1.03 
Sm 0.28 0.5 0.29 0.313 
Eu 0.09 0.1 0.107 0.110 
Gd 0.35 0.6 o. 43 0.384 
Tb 0.06 0.09 0.074 
Dy 0.36 0.6 0.42 0.451 
Ho 0.09 0.1 0.12 
Er 0.25 0.3 0.31 0.301 
Yb 0.25 0.4 0.32 0.330 
matrix sample could easily have been enriched in material from the 
fine-grained aggregates because of their friable texture. The 
second matrix sample, matrix 'b', was therefore prepared from 
meteorite fragments as far as possible free of these aggregates. 
Chondrite-norrnalised REE abundances of this second matrix sample are 
also plotted on Fig. 2.5. Indeed the abundances are lower than those 
of the bulk sample although the slight enrichment of the light REE 
may still reflect slight enrichment of the sample by material from the 
aggregates of Group 11. 
Discussion 
Most of the published data on minor and trace elements 1n 
materials from Allende are not accompanied by mineralogical or 
petrological descriptions, which makes the assignment of type 
(chondrule or aggregate) uncertain. However, the large melilite 
chondrules are prominent and easily extractable and it is evident 
that sampling has been biassed towards them. 
Gast et al. (1970) provided K, Rb, Sr, Ba and REE data for 
what they describe as a Ca-rich inclusion from Allende. The lanthanide 
distribution matches that for Group 1, as does the high Sr and Ba 
contents, and their material was probably a melilite chondrule. 
Tanaka and Masuda (1973) have published Ca, Al, Sr, Ba and 
REE data for the Allende meteorite and some selected components. 
Their Ca, Al-rich condrule was a melilite chondrule and its lanthanide 
distribution pattern closely parallels that for Group 1. They 
analysed two samples of a fine-grained aggregate, the patterns agreeing 
with that for Group 11. An olivine chondrule gave a lanthanide 
distribution pattern consistent with Group lV, and their inclusion 0 
has a lanthanide distribution pattern similar to Group 111 but the 
negative Eu and Yb anomalies are less pronounced. 
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The most extensive set of data published before that 
presented here (Martin and Mason, 1974) was that of Grossman (1973) 
on 16 specimens of Ca, Al-rich inclusions selected by Dr. E.A. King, 
Jr. Grossman determined Fe, Mn, Na, Sc, La, Sm, Eu, Yb, Co, lr 
and Au in those specimens and on two samples of the bulk meteorites. 
Through the kindness of Dr. King splits of specimens# 1, 4 and 8 
analysed by Dr. Grossman were received and analysed. These had 
been selected as covering a wide compositional range. Current 
analyses show that# 1 belongs to Group 1, # 4 to Group 111, and# 8 
to Group 11. Grossman's data for the remaining samples indicate that 
they all belong to Group 1 (although the relatively high Fe content 
recorded for some of them suggests that the analysed samples contained 
a considerable amount of matrix material). 
The results presented here and those of other workers 
therefore clearly demonstrate the differencesin major and trace 
element composition in and among the components of the Allende 
meteorite. Since the meteorite appears to have undergone little 
metamorphism since its formation, the chemical fractionations among 
its components are more likely to be a result of processes occuring in 
the solar nebula prior to the aggregation of Allende; that is during 
elemental and compound condensation and subsequent events. What can 
we learn of these events from the chemical fractionations observed? 
Perhaps the first point of interest is the fact that Allende, 
together with certain other Type 11 and Type 111 carbonaceous chondrites, 
contain components with two distinct major element compositions; 
namely Ca, Al-rich and Fe, Mg-rich materials. Chondrules and aggregates 
of both compositions are found, but the Fe, Mg-rich matrix is predom-
inant. Lord (1965), Larimer (1967) and Grossman (1972a) have discussed 
the details of solar nebula condensation calculations. The condensation 
sequence of a gas of solar composition (Cameron, 1968) has also been 
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outlined by Anders (1968, 1971a, 1972) and Grossman and Larimer 
(1974) have recently published a review of these calculations. By 
about 1500°K under equilibrium conditions most of the Ti, Al, and 
Ca, have condensed as CaTi03 and Ca2Al 2Si07 alongwith Os, Re, Zr, U, 
Pu, Th, Ta, Nb and the REE. Not until less than 1400°K do Mg and 
Si condense, followed by metallic Fe at 1375°K carrying with it Ni 
and Co. Iron-free Mg2Si04 condenses at 1370°K which later reacts 
with the vapour to form MgSi03. By 1250°K the refractory elements 
have condensed. Below this temperature Cu, Ge, Ca, Na, Kand Rb 
condense, and the alkali metals have condensed by 1000°K. Pb, Bi, In 
and Ti condense below 600°K. Such a condensation sequence provides an 
explanation of the chemical fractionations which would produce the 
types of material found in Allende, the Ca, Al-rich material represent-
ing the initial condensates, the Mg-rich chondrules and aggregates a 
slightly later condensate and the Fe, Mg-rich matrix the final 
condensate. In the case of the two types of chondrules found in 
Allende, the trace element data support such a sequence of condensation. 
The refractory elements and REE are enriched in the melilite chondrules 
relative to the olivine chondrules. 
The chondrule - forming process has been somewhat of an enigma 
ever since Sorby's description of them as "drops of a fiery rain". 
Although the elemental abundances in the two types of chondrules 
presented here do not go far in the elucidation of the problem, perhaps 
we can gain some information from the Ca, Al-rich aggregates and a 
comparison of these two components. 
Marvin et al. (1970) and Larimer and Anders (1970) were the 
first to notice the similarity between the chemistry of the Ca, Al-
rich aggregates and the chemistry of the highest-temperature 
condensates predicted by Lord (1965). Grossman (1972a) has pointed 
out how the textural relations in these aggregates, reported by Fuchs 
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(1969) and Kurat (1970), are consistent with the same sequence of 
reactions predicted by his condensation model. However, more recently 
Fuchs and Blander (1973) called attention to the fact that some 
inclusions exhibit textural relations unlike those expected from the 
postulated condensation sequence. These differences may be due to 
the fact that different aggregates may have approached equilibrium 
to different degrees and perhaps at slightly different temperatures 
and pressures before they were incorporated in no particular order. 
The difference in mineralogy of Murchison inclusions froQ the Allende 
inclusions, for example, suggests the two meteorites were formed 
under different conditions. 
Some Allende inclusions contain feldspathoids composed of 
volatile alkali metals and chlorine (Fuchs,1969; Marvin et al., 1970). 
These would not be expected if the inclusion were high-temperature 
condensates. However, these minerals tend to be accessory phases 
found interstitially and on the rims of the inclusions suggesting 
relatively late formation. If the feldspathoids are condensation 
products the inclusions would also be expected to have accreted 
forsterite, enstatite and metallic iron unless transport of the 
inclusions had occurred from a part of the nebula in which Ca, Al-rich 
minerals had condensed to a part where the magnesium silicates had 
also already condensed. The most likely explanation, however, is 
that the feldspathoids are in fact low-temperature reaction products 
between the refractory inclusions and the relatively alkali-halogen-
rich matrix of the meteorite. At any rate the elemental abundances 
of the Ca, Al-rich inclusions in Allende tend to support the fact that 
they represent the initial condensates from a cooling gas of solar 
composition. 
However, their fine-grained texture and the presence in some 
of them of metastable minerals and mineral assemblages indicates that 
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they cooled rapidly, probably through the temperature range 1600° -
1200°c on a time scale of hours or less. The production of Ca, Al-
rich condensates throughout a substantial volume in the region of the 
inner planets from a solar nebula massive and hot enough to do so is 
more likely to have cooled through this temperature interval on a 
time scale of hundreds of years. The condensates from such a process 
would be coarse-grained and equilibrated. 
It is possible therefore that the Ca, Al-rich aggregates and 
chondrules, both the melilite-and the olivine-rich types, have been 
subjected to similar high-energy events which vaporised already 
condensed material, the chondrules cooling from a gas through the 
liquid to the solid whereas the aggregates, because of lower pressure 
conditions, condensed directly from a gas to a fine-grained solid. 
The high-energy event envisaged must have been able to produce the two 
chemically different types of chondrules observed in Allende and no 
chondrules of intermediate composition. This fact alone is a valuable 
piece of information. One of the stumbling blocks in any theory of 
chondrule formation is the generation of a gas pressure of 10 to 103 
atmospheres necessary for vapour to liquid condensation of Mg2Si04 or 
MgSi03 and Fe-Ni grains (Suess, 1963; Wood, 1963). Such pressures 
are much higher than those expected in the primeval nebula. Wood 
(1963) has proposed that transient high-pressure shock waves might 
occur during the T-Tauri phase of the sun's evolution. Alternatively, 
chondrules may have originated in some non-equilibrium process, such 
as that suggested by Blander and Katz (1967) - metastable nucleation of 
liquid droplets formed by supersaturation of the nebular gas, component 
by component, as subcooling took place below the temperatures where 
equilibrium solids should have crystallised out. However both these 
theories envisage chondrule-formation as original condensates, not as 
proposed here and present difficulties in explaining the production 
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of two chemically distinct chondrule types. Whipple (1966) and 
Cameron (1966) have both proposed that lightning discharges might 
have been common in the nebular gas-dust cloud and might therefore 
have provided a suitable reheating mechanism, though again it is 
difficult to see how two chemically different types of chondrules 
would result. The same can be said with more conviction of the 
older, now rejected, idea that chondrules are the product of 
volcanism on parent bodies. More recently it has been suggested 
-1 that high-velocity impacts, of the order of 1 km s , between dust 
grains would be sufficiently energetic to partially melt and outgas 
the original dust-like condensates to form chondrules (Whipple,1972; 
Cameron,1973). Once again the formation of two distinct types of 
chondrules is difficult to envisage. However, an extention of this 
model to collisions between two larger bodies may meet the necessary 
requirements. During such an event, hot, dense gas clouds will be 
formed as a result of the vaporisation of substantial amounts of 
these bodies. These clouds, cooling rapidly under high transient 
pressures, accompanied by fractional condensation both of liquids 
and solids from the gas phase,provide the necessary environment to 
explain most of the characteristics of Allende inclusions and 
aggregates (Ringwood, 1974). If one or both of the colliding bodies 
was a cornet a gaseous medium of solar composition is more likely to 
result (Ringwood, personal communication). This seems the most likely 
process whereby the chondrules and aggregates were produced. 
Unlike the rnelilite chondrules, whose elemental abundances 
are very similar, in particular the lanthanides, the other major 
component studied, the Ca, Al-rich aggregates, show three distinctive 
lanthanide distribution patterns. By comparison their major element 
compositions are very similar. The highly fractionated chondrite-
normalised REE abundance pattern of the Group 11 inclusions and their 
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depletion in other refractory elements such as Zr, Mo and the 
platinum metals when compared to the unfractionated patterns, 
except for Yb and Eu, of Group 111 aggregates and the very flat 
abundance patterns of Group lb aggregates are perhaps the most 
intriguing featuresrevealed by the present work. Indeed the Group 
11 lanthanide abundance patterns are perhaps the most exciting, 
certainly the most interesting, to have been described for a long 
time. 
Whereas in Group 11 a negative Eu anomaly is associated with 
a positive Yb anomaly, in Group 111 both anomalies are negative. 
However the Eu/Yb ratio of individual samples in these two groups, 
and in Group lb, are relatively constant (Table 2.4). The Yb 
anomalies are in different senses in Groups 11 and 111 simply because 
they are superimposed upon such different lanthanide patterns. Thus 
it could be that Eu and Yb in Groups 11 and 111 show a geochemical 
coherence unrelated to the other lanthanides. This may be explained 
by assuming Eu and Yb are in the divalent state and located in 
different lattice sites to the remaining trivalent REE. Such an 
explanation would require highly reducing conditions at some stage in 
the origin of the Group 11 and 111 materials, more reducing, for 
example, than for the lunar rocks which do not show Yb anomalies. 
However, these Allende materials do not contain appreciable amounts 
of ferrous iron, which,unless it 1s a later introduction, implies 
conditions insufficiently reducing to eliminate all iron as metal. 
In this connection it is puzzling to find no Yb anomaly in Group 1 
chondrules, some of which contain practically no ferrous iron. 
Another possible explanation for the Eu and Yb anomalies 
observed in Group 111 is either fractional condensation or evapor-
ation at a suitable temperature range by considering the boiling 
points of the RE metals, shown in Table 2.5. Eu and Yb have the two 
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TABLE 2. 4 
ABUNDANCES (ppm) OF Eu AND Yb IN GROUP lb, 11 AND 111 SAMPLES, AND THE Eu/Yb RATIO. 
Group lb Group 11 
Sample 5136 4033 5171 4536 37 3598 3643 3803 3866 4691 
Eu 0.66 0.77 0.76 0.33 0.31 0.18 0.69 0.17 0.28 0.62 
Yb 1.9 2.4 2.7 0.63 0.51 0.84 2.0 0.73 1.2 1.6 
Eu/Yb 0.35 0.32 0.28 0.05 0.62 0.21 6.35 0.23 0.23 0.39 
Group 111 
-Sample 3593 3942 4698 5583 
Eu 0.36 0.60 0.25 0.74 
Yb 1.9 0.86 0.74 1.4 
Eu/Yb 0.17 0.70 0 . 34 0.53 
4692 
0.13 
0.37 
0.35 
5575 
0.22 
0.65 
0.34 
~ 
1--' 
lowest boiling points of any of the REE. The boiling point of Sm 
is only slightly higher than that of Eu yet, unlike Eu and Yb, is 
not depleted in these samples. Thus fractional condensation or 
evaporation to a temperature suitable to boil off only some Eu and 
Yb could produce the REE abundance patterns seen in Group 111 
starting from an unfractionated pattern, such as that of the Group 1 
chondrules. However, as Grossman (1973) and Boynton (1974) have 
pointed out it is unlikely that the REE existed 1n the solar nebula 
in the form of their metals but are more likely to have been present 
1n their oxide form. 
In Grossman's (1973) calculations of the condensation 
temperature of a variety of refractory trace elements the condensation 
of pure phases was considered. This method defines only a low 
temperature limit since the trace elements are likely to condense 1n 
solid solution with high temperature minerals. More recent 
calculations by Boynton (1974) on trace element condensation (the 
REE and Y) in the solar nebula consider the effects of solid solution 
formation. Boynton assumes the condensation of the REE was controlled 
by thermodynamic equilibrium between the gas and the condensed solids, 
whereby the size of the REE is of secondary importance. He shows 
that the REE were present in the solar nebula principally as the 
monoxide gas, one exception being Yb, present in the vapor state. 
Boynton's calculations show that when small amounts of La have con-
densed, the abundance pattern of the other condensed REE is extremely 
fractionated, Eu and Yb abundances being strongly depleted relative 
to the neighbouring REE. If larger amounts of La have condensed the 
REE abundance patterns is much flatter, again with the exception of 
Eu and Yb which are strongly depleted. The depletions arise without 
the requirement of Eu and Yb condensation in the divalent state, 1n 
fact Boynton's calculations show that it is unlikely that Yb was 
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TABLE 2. 5 
BOILING POINTS (°C) OF THE RARE- EARTH METALS 
(from Weast, 1972) 
La 3454 
Ce 3257 
Pr 3212 
Nd 3127 
Sm 1778 
Eu 1597 
Gd 3233 
Tb 3041 
Dy 2335 
Ho 2720 
Er 2510 
Tm 1727 
Yb 1193 
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divalent. Consequently if the host mineral 1s removed from 
equilibrium with the gas before the REE are fully condensed 
fractionated REE abundance patterns would result. This seems a 
satisfactory explanation of the Group 111 lanthanide abundance 
patterns. 
On the other hand, the Group 11 aggregates are significantly 
different, and their REE abundance patterns are very remarkable. 
Once again, even assuming fractional condensation or evaporation 
based on the boiling points of the REE metals was responsible in 
producing the fractionated REE abundance patterns of Group 11, the 
results are far from satisfactory and cannot explain the patterns 
observed even by assuming Eu and Yb are in the divalent state. For 
example, fractional condensation at a suitable temperature could 
result in depletion of the heavy REE relative to the light REE 
since they do, in general, have lower boiling points. However, this 
would produce a much lower abundance of Sm than observed. In fact, 
these abundance patterns are convincing evidence that the fraction-
ations in this material was not controlled by the REE being in the 
metal state. 
Tanaka and Masuda (1973) invoke a process of vaporization, 
transportation and recondensation of dust in the solar nebula to 
account for the fractionated pattern of their (Group 11) Ca, Al-
rich inclusion from Allende. However, they give no satisfactory 
explanation as to the process whereby the heavy REE could be lost. 
It appears unlikely that the apparent rapid cooling rates of the 
Allende inclusions could be achieved by such a process. 
The strongly fractionated REE abundance patterns of Group 11 
material could perhaps be explained by conventional REE partition 
coefficients in a mineral such as perovskite which tends to be strongly 
enriched in the light REE, variable valency being invoked to explain 
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the anomalies at Ce, Eu and Yb. However, this would not provide a 
satisfactory explanation, Dy is anomalously high by a factor of 
about 2 with respect to a smooth curve through La, Nd, Sm, and Lr. 
Also, assuming the other minerals present had REE abundances 
similar to those of Group 111, the very low abundances of the heavy 
REE in Group llaredifficult to explain unless there were large 
amounts of perovskite present. 
It was pointed out in Chapter 1 that the REE are produced 
predominantly by two nucleosynthetic processes, the s- and r-
processes. Although the relative proportions of these two reactions 
in producing the individual REE is uncertain it would appear that 
in general the light REE are produced predominantly by the s-process 
and the heavy REE predominantly by the r-process. Thus there arises 
the exciting possibility that the Group 11 aggregates may be either 
entirely or partly composed of material which has had a different 
history of nucleosynthesis to other solar system material so far 
analysed in that these aggregates may be depleted in r-process 
isotopes. If we were to assume that the Group 11 aggregates contained 
only a proportion of this 'extra' component, it is possible to 
estimate its amount by assuming the 'ordinary' component (that is 
that with a history of nucleosynthesis the same as other solar system 
material) has a trace element abundance similar to that of Group 1. 
From a comparison of the REE abundances of Groups 1 and 11 it is 
evident that the 'extra' component in Group 11 must be strongly 
depleted in the heavy REE. If we compare the averaged abundances of 
elements in Groups 1 and 11 from Table 2.2 we see the element with 
the greatest abundance difference between the two groups 1s Er, which 
has a lower abundance in Group 11. By asswning that all of the Er 
present in Group 11 material is from the Group 1 component then we 
find that the 'extra' component would account for about 90% of the 
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material of Group 11. It seems more likely, therefore , that all of 
the material of Group 11, rather than just a component, can be 
postulated as having had a different origin to other solar system 
material. 
There is evidence that stars depleted in the heavy REE 
exist. Among the late-type stars there are a small percentage that 
show strong evidence of mixing of material from the inner, element-
producing regions to the surface. Detailed examinations of these 
so-called Ba (barium) stars show overabundances of the light REE 
(Garstang, 1952; Burbidge, Fowler and Hoyle, 1957; Warner, 1965). It 
is still uncertain whether such stars would later be able to 
satisfy the density and temperature requirements for the r-process 
to take place. Consequently material which had undergone the s-
process but not the r-process should be enriched in the light REE 
relative to the heavy REE, as in the case of the Group 11 material. 
Another line of research has led to a similar proposal. 
From a study of the oxygen isotope ratios in some carbonaceous 
chondrites, Clayton et al. (1973) found the heavy stable isotopes 017 
and 018 to be depleted in anhydrous, high-temperature minerals from 
some C2 and C3 meteorites including the Ca, Al-rich aggregates from 
Allende. They interpreted this as a result of a nuclear rather than 
a chemical process, probably by the admixture of a component of almost 
16 pure O . They suggest that this component may pre-date the solar 
system and may represent interstellar dust with a separate history of 
nucleosynthesis . 
Support for the proposal that Group 11 material is depleted 
in r-process isotopes would come from differences in relative r-
process isotope abundances between Group 11 material and material 
from other groups, since some of the REE although produced 
predominantly by the s-process, possess isotopes produced solely by 
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the r-process. Of such isotopes, Sm 154, Gd 160 and Er 170 were 
chosen for examination since these isotopes in normal solar system 
material account for a moderate proportion of their respective 
element (22.6%, 21.8% and 14.0% in the case of Sm 154, Gd 160 and 
Er 170 respectively). Also these isotopes have only very minor 
amounts of interference from the same isotopes of other elements on 
the spark source mass spectrometer plates. The amount of this 
interference is far smaller than any anomaly that would have to be 
present to account for r-process elemental depletion and therefore 
no correction for the interference was made. 
These three lines were read for three Group 11 inclusions 
(4691, 4692, 3803), three Group 1 chondrules (30, 31, 3658) and two 
Group 111 aggregates (4698, 3593). From the standardised intensities 
of the isotopes of Sm, Gd and Er usually read were calculated the 
expected standardised intensities of the three r-process only 
isotopes assuming normal solar system isotopic abundances. These 
results were compared with the experimentally obtained results as 
shown in Table 2.6. As can be seen from this table the Group 11 
aggregates show as good, if not better, agreement between the 
experimental and calculated isotopic standardised intensities than the 
other samples. This result argues strongly against the proposal that 
Group 11 material has had a different history of nucleosynthesis as 
regards s- and r-process isotope production than other material from 
the solar system so far examined. 
However, the work of Boynton (1974) on fractionation in the 
gas phase seems able to account for the heavily fractionated REE 
abundance patterns of Group 11 material. lf the relative REE 
abundances remaining in the gas phase after various amounts of La 
have condensed (to produce the REE abundance patterns of Group 111) 
are examined,a heavily fractionated pattern is present very similar 
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TABLE 2.6 
CALCULATED AND OBSERVED STANDARDISED INTENSITIES OF THE THREE r-
PROCESS ISOTOPES EXAMINED 
Sample Group 
4691 
4692 
3803 
4698 
3593 
30 
3658 
31 
11 
11 
11 
111 
111 
1 
1 
1 
Sm 154 
calc. obs. 
3.72 
3.19 
1.30 
1.81 
1.75 
1.00 
1.34 
1.06 
3.73 
3.10 
1.33 
1.51 
1.80 
1.10 
1.38 
1.00 
Gd 160 
calc. 
1.48 
1.13 
0.33 
1.75 
1.78 
1.15 
1.44 
0.97 
obs. 
1.30 
0.96 
0.32 
1.60 
1. 8 3 
1.01 
1.24 
0.93 
Er 170 
calc. 
0.10 
0.03 
0.03 
1.33 
1.09 
0.51 
0.86 
0.50 
obs. 
0.08 
0.03 
0.03 
1.27 
0.91 
0.42 
0.75 
0.42 
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to those of Group 11. If the first condensate was removed from 
equilibrium with this gas, the next minerals to condense would have 
a heavily fractionated REE abundance pattern and, if removed from 
the remaining gas before the last amounts of La, Ce, Nd, Eu and Yb 
had condensed, every feature of the REE abundance patterns of Group 
11 can be explained. The last REE condense into phases which form 
after the Ca, Al-rich assemblages were removed. 
Consequently fractional condensation from a gas phase seems 
the likely mechanism whereby the fractionated Group 11 REE abundance 
patterns were produced. Boynton's model is discussed for the cooling 
solar nebula but as pointed out previously it would appear that the 
Ca, Al-rich aggregates from Allende cooled more rapidly than the solar 
nebula. However his results seem applicable to any cooling gas of 
solar composition. In fact in a process that took place fairly 
rapidly, as invoked earlier for the production of these aggregates, 
removal of phases from equilibrium with the gas phase may be easier 
than their removal directly in the solar nebula. For example, if the 
aggregates had been formed by collision of two bodies, gravitational 
attraction may have removed phases from the gas as they condensed 
if one of the bodies had not been completely vaporised. 
Summary 
In summary therefore, the differences in chemical composition 
between the various components of the Allende meteorite can be 
explained in terms of condensation from a cooling gas of solar 
composition based upon theoretical calculations of such a process. 
The Ca, Al-rich material represents initial condensates from the 
cooling gas and the Mg,Fe-rich material later, lower temperature 
condensates. The remarkable REE abundance patterns of some of the Ca, 
Al-rich aggregates can be explained in terms of fractionation between 
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the gas and condensed solids. Whether this took place directly in 
the primeval solar nebula appears doubtful since the fine-grained 
texture of these aggregates and the presence in them of metastable 
minerals argues for rapid cooling rates of these aggregates. It 
is conceivable that the aggregates have been subjected to the same 
high-energy event which produced the chondrules. This high-energy 
event is most likely to have been collisions on or between bodies. 
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Abstract 
Melilite and pyroxene were density-separated from a 
coarsely crystalline chondrule in the Allende meteorite and analysed 
by microprobe and spark source mass spectrometer techniques. 
Elemental abundances are consistent with a mixture of equal amounts 
of the two minerals, as observed microscopically. The lanthanide 
distributions are markedly different in the two minerals; relative 
to chondrite abundances, melilite shows progressive depletion of the 
lanthanides La-Sm, a positive Eu anomaly, and relatively constant 
abundances of the heavier REE (Gd-Yb), whereas pyroxene shows progress-
ive enrichment towards the heavier lanthanides, on which is super-
imposed a negative Eu anomaly. The results from the same minerals 
separated from an Allende Ca, Al-rich inclusion (5575) agree with 
those from the Chondrule (3529) except for heavy depletion of the 
heavy REE in both phases since 5575 is a Group 11 specimen. Pyroxene 
and garnet separated from another Allende Ca, Al-rich inclusion 
(Group 111 - 5583) shows the pyroxene to have higher abundances of 
the REE and the abundances of the light REE in the garnet to 
steadily decline from Sm-La. The fact that the bulk abundance patterns 
of samples from Groups 1, 11 and 111 are remarkably similar within 
each group despite differences in the properties and compositions of 
the principal minerals point to the fact that the absolute amount of 
the trace elements in each sample was established during initial 
accretion. 
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Introduction 
The previous chapter reported the results of an investigation 
into major and trace element abundances 1n components, principally the 
melilite chondrules and the Ca, Al-rich aggregates, from the Allende 
Type 111 carbonaceous chondritic meteorite. A number of remarkable 
features were noted as a consequence of that study, namely the 
remarkably uniform trace element pattern shown by the melilite 
chondrules which persists despite considerable differences in the 
properties and compositions of the principle minerals, melilite and 
pyroxene (compositional data on these minerals have recently been 
published by Gray et al., 1973), and the differences in elemental 
abundances, particularly of the REE, shown by the Ca, Al-rich 
inclusions, some showing heavily fractionated chondrite normalised 
REE abundance patterns while others, in comparison, do not. 
These facts prompted an examination of the elemental 
abundances in mineral separates from these components since the 
results from such a study might help in understanding the formation 
of the components and why the Group 11 and 111 aggregates should 
possess such distinct REE abundance patterns yet be so remarkably 
similar in other respects. 
The results from an investigation of the elemental abundances 
1n mineral separates from Ca, Al-rich material from Allende are 
presented in this chapter. 
Sampling and Measurement 
In order to elucidate the elemental distribution within a 
single chondrule, a 10 mm diameter chondrule from an Allende specimen 
(NMNH 3529) was extracted. Microscopic examination of the chondrule 
gave the approximate composition, 35% melilite, 35% pyroxene, 25% 
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spinel and 5% anorthite. Melilite and pyroxene were density-
separated from the crushed chondrule using methylene iodide - acetone 
mixtures; both mineral separates were unavoidably contaminated with 
spine! in the form of minute inclusions. Major element analyses of 
the melilite, pyroxene and bulk chondrule were obtained using the 
electron-microprobe (the technique has been described by Reed and 
Ware, 1973) after fusion to a glass. The results are reported 1n 
Table 3.1. The trace element abundances in the two mineral 
separates and the bulk chondrule were determined by spark source mass 
spectrometry on an A.E.I. MS7 spark source mass spectrometer, using 
the technique described by Taylor (1971). The results are reported 
in Table 3.2. The precision is about+ 5% for the REE and the 
accuracy about+ 10% but varies somewhat being poorer for the mass 
region 85-105 than for higher mass numbers. The chondrite-normalised 
REE abundances are plotted 1n Fig. 3.2. (Chondrite-normalising values 
are given 1n Appendix B.) 
The Ca, Al-rich aggregates were separated from fragments of 
the meteorite by the method described in Chapter Two. Mineral 
identification was by microscope and X-ray powder diffraction 
techniques. Major element analyses were obtained, after fusion of the 
sample to a glass, using the electron-microprobe. The results are 
presented in Table 3.3. However, the exceptionally fine-grained 
nature of the aggregates and the small amount of material, usually 
only 100-200 milligrams, made mineral separation very difficult and 
the results not very satisfactory. Mineral separation by hand and 
using heavy liquids, both methylene iodide-acetone and dilute clerici 
solutions, and centrifuging were found to be ineffective because of 
the small grain size in the samples. The only procedure which was 
found to be in any way effective was to separate the minerals on the 
basis of their magnetic properties as follows. 
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TABLE 3.1 
ANALYSES OF BULK CHONDRULE, AND OF COEXISTING MELILITE AND PYROXENE 
IN SAMPLE 3529 
CHONDRULE MELILITE PYROXENE 
Si02 31.1 36.9 42.7 
Ti02 1.1 <0.08 3.9 
Al 203 27.3 11.7 16.0 
FeO 1.4 <0.10 <0.10 
MgO 12.6 10.3 11.9 
CaO 23.2 41. 0 25.9 
Na2o 0.56 0.1 <0.10 
K20 0.08 0.07 <0.07 
E 97.3 100.0 100.4 
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TABLE 3.2 
TRACE ELEMENTS (ppm) IN MELILITE AND PYROXENE AND IN THE BULK 
CHONDRULE, 3529. THE LAST COLUMN GIVES THE CALCULATED 
ABUNDANCES FOR A MIXTURE OF EQUAL AMOUNTS OF PYROXENE 
AND MELILITE. 
MELI LITE PYROXENE CHONDRULE 1 PYROXENE+ 
1 MELILITE 
Rb 0.56 0.07 0.45 0.32 
Sr 160 30 110 90 
y 8.2 27 24 18 
Zr 7.8 98 59 53 
Nb 2.0 3.8 4.7 2.9 
Mo 7.2 13 14 10 
Ba 66 18 49 42 
La 3.8 2.8 3.9 3.3 
Ce 8.6 9.7 10 9.2 
Pr 1.0 1.6 1.4 1.3 
Nd 4.0 7.1 6.2 5.5 
Sm 1.0 2.6 2.0 1.8 
Eu 1.3 0.33 0.91 0.81 
Gd 1.4 4.7 3.1 3.0 
Tb 0.24 0.81 0.50 0.52 
Dy 1.6 5.7 3.7 3.7 
Ho 0.39 1.5 0.92 0.93 
Er 1.1 4.3 2.5 2.7 
Tm 0.16 0.56 0.33 0.36 
Yb 1.0 3.3 2.2 2.2 
Hf <0.3 2.8 1.2 1.4 
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Table 3.2 (continued) 
MELILITE PYROXENE 
Th 0.28 0.45 
Pt 5.1 8.7 
Ir 4.0 6.9 
Os 4.0 6.6 
Pd 0.58 0.97 
Ru 4.5 8.6 
CHONDRULE 
0.44 
7.7 
6.5 
6.6 
0.51 
8.6 
1 PYROXENE+ 
1 MELILITE 
0.36 
6.4 
5.5 
5.3 
0.78 
6.6 
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After crushing the aggregate to individual grain size, 
the sample was cleaned in acetone ultrasonically for ten minutes. 
The acetone was decanted, the sample washed in acetone, decanted 
and dried. An iso-dynamic separator with the central vibrator 
chute removed was turned with the air gap vertical and tilted at 
an angle of about 15° to the vertical as shown in Fig. 3.1. A glass 
tube with a tap at one end and with a diameter suitable for it to 
rest up against the air gap between the two pole pieces was made and 
clamped to the separator as shown in Fig. 3.1. The tube was filled 
with alcohol and the current to the electromagnets turned on to 
maximum. The sample was tipped into the tube. Any completely non-
magnetic material would not be affected by the magnetic field and 
would therefore settle to the bottom of the tube from which it could 
be collected in a beaker by turning the tap. This was found to be the 
case in sample 5583 but in sample 5575 all of the grains were 
attracted by the magnetic field. The electromagnet current was 
reduced until some grains, no longer sufficiently attracted, settled 
to the bottom from where they could again be collected. The procedure 
was repeated. The resulting separates were cleaned 1n acetone and 
dried. They were examined under the microscope and by X-ray powder 
diffraction. 
Microscopic examination of the Ca, Al-rich inclusion 5575 
gave the approximate composition 40 % spine!, 45% clinopyroxene and 15% 
melilite. Two mineral separates were prepared by the method described 
above. The first, separate 'a', contained spine! and clinopyroxene 1n 
approximately equal proportions; the other separate, separate 'b', 
consisted of approximately 35% spinel, 50% melilite and 15% 
clinopyroxene, again estimated by microscopic examination of the 
separate. The spine! was present in both separates as minute 
inclusions in the other phase(s). Major and trace element abundances 
S8 
FRONT VIEW 
alcohol 
electromagnet 
beaker 
glass tube 
~-tap 
SIDE VIEW 
Figure 3.1. Diagram of the apparatus used in preparation of 
mineral separates from samples 5575 and 5583 using an iso-
dynamic separator. 
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weredetermined using the same techniques as for the chondrule. The 
results are reported in Tables 3.3 and 3.4. 
Microscopic examination of the other Ca, Al-rich inclusion 
5583, gave the approximate composition 20% spine!, 40% clinopyroxene, 
and 40% garnet. The relatively low spine! content 1n comparison to 
5575 1s reflected by the low MgO content of the bulk sample, shown 
in Table 3.3. The very high Al 203 content reflects the fact that the 
clinopyroxene was Al-rich. Element abundances were determined as 
described above. They are shown in Tables 3.3 and 3.5. 
Discussion 
First let us consider the results from the melilite chondrule. 
As can be seen from Table 3.1, the composition for the major elements 
are rather similar in the melilite and pyroxene. The principal 
differences are the considerable Ti in the pyroxene and the higher Ca 
in the melilite. However, the crystal structures of the two minerals 
are quite different. In melilite, Si, Al and Mg are all four-
coordinated with oxygen, and Ca is irregularly coordinated with eight 
oxygens. In pyroxene Si is in four-coordination, Al in both fouia-and 
six-coordination and Ca in eight-coordination. Ti, even if some is 
trivalent, is normally in six-coordination with oxygen which explains 
its concentration in the pyroxene which possesses six-coordination 
sites and its absence in melilite which does not contain these sites. 
The fact that the Ca sites in melilite are somewhat larger than those 
in pyroxene is reflected 1n the occurrence of (snythetic) strontium 
melilite and the absence of strontium pyroxenes, the larger Sr ion 
being compatible with the melilite structure but not with that of 
pyroxene. This effect is demonstrated in Table 3.2 by the relative 
enrichment of the large cations Sr, Rb and Ba in the melilite. 
Terrestrial melilites often contain appreciable amounts of Na and K, 
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TABLE 3.3 
MAJOR ELEMENT ABUNDANCES IN WEIGHT PER CENT IN ALLENDE Ca, Al-RICH 
INCLUSIONS 5575 and 5583 
5575 5583 
Si02 34.6 27.9 
Ti02 0.44 0.82 
Al 203 20.4 36.2 
FeO 14.6 7.40 
MgO 18.8 8.20 
CaO 9.85 17.9 
Na2o 1.25 1.40 
K20 0.06 0.08 
I: 100.00 99.90 
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TABLE 3.4 
TRACE ELEMENT ABUNDANCES (ppm) IN BULK SAMPLE AND MINERAL SEPARATES 
'a' AND 'b' FROM SAMPLE 5575, COLUMN FOUR SHOWS THE CALCULATED 
ABUNDANCES FOR A MIXTURE OF EQUAL AMOUNTS OF SEPARATES 'a' AND 'b'. 
Separate Separate Bulk 1 Separate 'a' + 
I a I 'b' 1 Separate 'b' 
Rb 3.52 4.01 3.39 3.75 
Sr 33 21 33 27 
y 3.33 3.04 2.89 3.17 
Zr 7.57 6.31 6.67 6.95 
Nb 0.72 0.63 0.79 0.68 
Sn 0.39 1.05 0.55 0.72 
Ba 23 11 16 17 
La 6.03 2.53 4.30 4.28 
Ce 16 6.83 13 11.4 
Pr 2.38 0.83 1.79 1.9 
Nd 9.66 3.18 7.41 6.4 
Sm 3.32 1.06 2.51 2.2 
Eu 0.31 0.14 0.21 0.22 
Gd 1.38 0.44 0.94 0.90 
Tb 0.21 0.07 0.14 0.13 
Dy 1.15 0.47 0.81 0.87 
Ho 0.20 0.08 0.13 0.14 
Er 0.56 0.24 0.28 0.40 
Yb 1.00 0.41 0.65 0.70 
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TABLE 3.5 
TRACE ELEMENT ABUNDANCES (ppm) IN THE BULK SAMPLE AND SEPARATE 'c' 
FROM ALLENDE Ca, Al-RICH AGGREGATE 5583. 
BULK SAMPLE SEPARATE 'Ct 
Rb 1.10 1.2 
Sr 111 182 
y 33 54 
Zr 67 105 
Nb 2.86 6.06 
Ba 31.0 57 
La 5.71 11 
Ce 13 22.4 
Pr 2.09 3.74 
Nd 9.90 16.2 
Sm 3.31 4.84 
Eu 0.74 1.10 
Gd 4.17 6.55 
Tb 0.67 1.09 
Dy 4.31 7.30 
Ho 1.12 1.91 
Er 3.46 5.67 
Yb 1.40 1.95 
Hf 1.23 2.04 
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but these elements are practically absent from the meteoritic 
melilite. Because the alkalies are present at low concentrations 
in the chondrule, they are probably present as rare grains of 
sodalite and nepheline . 
The pyroxene and melilite were observed to occur in about 
equal amounts in the chondrule. The data in Table 3.2 show that the 
abundances of the trace elements are also closely approximated, for 
most of the elements determined, by a mixture of equal amounts of 
these two minerals. This would suggest that the spine! inclusions 
in the separated minerals have had little effect on the measured 
abundances. This is not unreasonable since spine!, which has only 
four-and six-coordination sites, probably does not readily accept the 
lanthanides and larger ions into its structure. Rb, Nb, Mo and Pd 
are the only elements for which the abundances calculated for a 1/1 
pyroxene-melilite nux do not agree within 25% of the measured 
abundances in the bulk chondrule. They may be incorporated in 
accessory minerals since for all of them (except Pd), the calculated 
abundances are less than the measured abundances. Rubidium would be 
concentrated in accessory nepheline and sodalite. However, the 
platinum metals and Mo present a special case. Grossman (1973) has 
reported high Ir contents in melilite-pyroxene chondrules from Allende . 
He discussed their significance , which he links with the high 
condensation temperature of Ir. He did not, however, determine the 
mineralogical location of the Ir. The data presented here confirm 
Grossman's results for Ir and extend them to the other platinum metals 
and Mo, also an element with a high condensation temperature. The 
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fact that Pd appears markedly depleted relative to Ru in the chondrule, 
whereas in carbonaceous chondrites the two usually have equal abundances, 
is probably explained by the considerably lower condensation temperature 
of Pd compared to the other platinum metals. It seems unlikely that the 
platinummetals would readily enter any of the lattice sites available 
in the silicate minerals but rather that they may be present as 
minute, possibly submicroscopic grains of native metal. 
The abundancesof the REE in the melilite and pyroxene, 
illustrated in Fig. 3.2, are most significant. Here again crystallo-
chemical factors evidently play an important role. The lanthanide 
distribution pattern for the pyroxene is similar to those previously 
recorded for meteoritic pyroxenes (e.g. Allen and Mason, 1973), with 
relative concentrations increasing towards the heavier REE, and a 
marked negative europium anomaly. Except for La and Eu, the pyroxene 
shows a higher concentration than melilite for the individual 
lanthanides. The chondrite-normalised REE abundance pattern for the 
melilite shows rapidly decreasing abundances from La to Sm, a marked 
positive Eu anomaly, and a flat distribution pattern for the heavier 
REE. The pattern 1s similar to that of meteoritic plagioclase (Allen 
and Mason, 1973). This similarity is not surprising since the Ca 
positions, which the lanthanides presumably occupy, in the melilite 
and pyroxene structures show similar coordination with oxygen, although 
the overall structures of the two minerals are quite different. It 
appears that under the conditions of crystallisation most of the 
lanthanides were more readily accommodated in the smaller Ca sites of 
pyroxene than in the larger Ca sites in melilite. La and Eu, the 
largest trivalent REE, are the exceptions. Eu may be present as the 
Eu2+ ion in which case its radius would be close to that of Sr. The 
geochemical coherence between Eu and Sr in this meteorite is illustrated 
by the relative constancy of the Sr/Eu ratio: 120 in melilite, 89 in 
pyroxene, and 120 in the bulk material. The relative enrichment of the 
heavier lanthanides (with smaller ionic radius) in the pyroxene (La/Yb 
= 0.85) and their depletion in melilite (La/Yb= 3.8) is another 
example of the structural control of lanthanide distribution. 
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the separated melilite (M) and pyroxene (P) from 
the chon<lrule 3529. 
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The analyses of material from ten melilite chondrules from 
Allende, reported in Chapter Two where they were classified as 
Group 1, shows them to have remarkably uniform trace element 
abundance patterns, 1n particular all of them give a lanthanide 
distribution pattern similar to the bulk sample in Fig. 3.1 - a 
relatively flat pattern at 10-20 times chondritic abundances, with a 
moderate positive Eu anomaly. This pattern persists despite 
differences in the properties and compositions of the principal 
minerals, melilite and pyroxene. (Compositional data on these 
minerals have recently been published by Gray et al., 1973.) It 
would thus appear that the absolute amounts of the minor and trace 
elements in each of these chondrules was established during initial 
accretion; if subsequent melting and recrystallisation has taken 
place, the distribution of these elements has been controlled by 
crystallochemical factors. This contrasts to a situation whereby 
the elemental abundances in the chondrule were controlled by the 
compositions of the individual minerals formed in the initial 
condensation. 
The elemental abundances in the bulk sample and in the two 
minerals separates from inclusion 5575 are shown in Tables 3.3 and 
3.4, and the chondrite-normalised REE abundances are plotted in Fig. 
3.3. These abundances show 5575 can be classified as a Group 11 
component as this is defined in Chapter Two; that is,it possesses a 
heavily-fractionated REE abundance pattern with positive Eu and 
negative Yb anomalies. These anomalies are, however, not as 
pronounced as they are in most of the Group 11 samples. 
The elemental abundances in separate 'a', which consists of 
spinel and clinopyroxene in approximately equal proportions, are 1n 
general higher than they are in the bulk sample. Exceptions to this 
are Rb and Sr which are little different and Nb and Snwhose abundances 
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Figure 3 .3 Abundances of the lanthanides, normalised to 
the average chondritic abundances, in the bulk 
sample and the mineral separates 'a' and 'b' 
from the Ca, Al-rich aggregate 5575. 
are lower in separate 'a'. In separate 'a', the light REE (La-Sm) 
and Ba are about 30 percent higher than in the bulk sample whereas 
Eu and the heavy REE are 40-50 percent enriched in the separate. 
The elemental abundances in separate 'b' are correspondingly lower 
in comparison to the bulk sample. Rb is higher, Sr lower, and Y 
and Zr little different in separate 'b' compared to the bulk sample. 
For the REE, Pr, Nd and Sm are the most highly depleted by about 
60 percent, the remaining light REE, Ba and Eu depleted by about 
30 percent and the heavy REE depleted by 30-50 percent except for Er 
which is only slightly depleted with respect to the bulk sample. 
The final colunm of Table 3.4 shows the calculated abundances for a 
mixture of equal amounts of the two mineral separates, 'a' and 'b'. 
The similarity between these abundances and the abundances in the 
bulk sample is very good, especially for the REE. The only 
abundances which do not agree to within 25 percent of the calculated 
abundances are those for Sn and Er. However, the two mineral 
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separates were not present in equal proportions as suggested by the above 
calculation. Earlier in this section, during the discussion of the 
res~lts of the separates from the melilite chondrule, it was pointed 
out that spine!, which has only four- and six-coordination sites, 
probably does not readily accept the lanthanides and larger ions 
into its structure. When the amounts of spine!, estimated by 
microscopic examination, in separates 'a' and 'b' are removed, then 
we are, in fact, left with very nearly equal proportions of the 
remaining phases in the two separates. Thus it would appear that the 
abundance in spine! of the REE and other large ions is either very 
low or zero. If this is the case, the abundance of the trace elements 
in the clinopyroxene alone may be estimated by doubling the elemental 
abundnaces determined for separate 'a' since clinopyroxene and spinel 
were estimated to be present in approximately equal proportions in 
the separate. 
Although separate 'b' consisted of spine!, clinopyroxene 
and melilite, it is possible to estimate the melilite elemental 
abundance pattern by a comparison of the elemental abundances in 
the two separates and in the bulk sample. It is not easy to make a 
reliable estimate of the absolute abundances of the trace elements 
in the melilite but it is apparent that they are very low, certainly 
much lower than in the clinopyroxene. This is so since even when 
corrections are made for the spine! content, estimated at about 35 
percent, the abundances in separate 'b' are still much lower than the 
estimated elemental abundances in the clinopyroxene. The corrected 
elemental abundances in separate 'b' are generally about one quarter 
of those in the clinopyroxene and since the amount of clinopyroxene 
in the separate was estimated at about 20 percent, the abundances of 
the trace elements in the melilite must be very low. The same was 
true for the melilite from the melilite chondrule. 
There are other similarities, in the abundance patterns of 
the clinopyroxene and melilite in the two samples 5575 and 3529 which 
may be observed even though their general outlines are so radically 
different. For example, there is a steady increase in depletion of 
the abundances of the light REE up to, but not including, Sm in 
separate 'b' compared to separate 'a'. This must reflect a decline 
in abundances of the light REE in the melilite of the aggregate 5575. 
The same effect is observed in the melilite from the chondrule 3529. 
No Eu anomaly is apparent in separate 'b'. However, when the presence 
of clinopyroxene, with a negative Eu anomaly, in the separate is 
considered, it becomes apparent that there must be a positive Eu 
anomaly in the melilite of 5575, again consistent with the observations 
from 3529. A comparison of the relative enrichment of the light REE 
and the heavy REE over their respective bulk values in the pyroxenes 
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from both samples shows that in both instances the heavy REE are 
enriched to a slightly greater extent than are the light REE. 
This is not so apparent in the plot of the chondrite-normalised REE 
abundances for 5575, shown in Fig. 3.3, as it is in the case of 
3529, (Fig. 3.2) because of the heavily-fractionated nature of the 
abundance pattern of 5575. 
Unlike sample 5575, the Allende Ca, Al-rich inclusion 5583 
has a relatively flat unfractionated REE abundance pattern with 
negative Eu and Yb anomalies which, according to the classification 
scheme outlined 1n Chapter Two, makes 5583 a Group 111 sample. In 
comparison with the other Group 111 samples, however, the Eu and Yb 
anomalies in 5583 are not so pronounced. Two mineral separates were 
obtained from 5583. Separate 'c' consisted of spine! plus clino-
pyroxene whereas separate 'd' contained spine! and garnet. Because 
of the small size of the inclusion, there was insufficient material 
1n separate 'd' to perform trace element analysis by spark source 
mass spectrometry using the technique described. The element abundances 
for the bulk sample and of separate 'c' are shown in Tables 3.3 and 3.5 
and the chondrite-nonnalised REE abundances are plotted in Fig. 3.4 
The elemental abundances in separate 'c' are greater than 
those in the bulk sample, except for Rb which is little altered. These 
abundances are essentially those of the clinopyroxene since the amount 
of spine! in the separate was small (10-15 percent). However, the 
elements are not enriched by constant factors in separate 'c' relative 
to the bulk sample. Sr, Y, Zr, Hf and the rare-earth elements Sm-Yb 
are all enriched by between 50-70 percent in the separate whereas Ba, 
La and Ce are almost 90 percent enriched and Pr and Nd about 80 percent 
enriched. Thus contrary to the results from the clinopyroxene from 
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the other two samples, it is the light REE which are enriched to 
a greater extent than the heavy REE in the clinopyroxene from 
sample 5583. The REE abundance pattern of the garnet can be 
deduced from the results of the bulk sample and of separate 'c'. 
It would be the inverse of the separate 'c' abundance pattern, 
the relative elemental abundances being depleted from the bulk as 
much as they are enriched from the bulk in separate 'c' since the 
clinopyroxene and garnet were estimated to be present in the bulk 
sample in approximately equal proportions. This would imply that 
the light REE (La, Ce and Pr) along with Ba and Nb would be present 
at very low levels in the garnet since they are heavily enriched in 
the clinopyroxene. Ce and Pr would be more strongly depleted than 
the remaining REE. 
In general, the results from the mineral separates from the 
two Ca, Al-rich inclusions, presented above, support the conclusions 
drawn from the results from the melilite chondrule. The results of 
the elemental abundances in melilite and pyroxene from the chondrule 
3529 and the inclusion 5575 are remarkably similar in many respects 
such as Eu anomalies, gradual depletion of the light REE in the 
melilite, the relative concentration of the trace elements between 
the phases and greater enrichment of the heavy REE over the bulk 
compared to the light REE in the pyroxene. This is so despite 
considerable differences in overall abundance patterns from these 
two samples, 5575 being extremely depleted in the heavy REE. This 
would seem to suggest that 5575 condensed from a medium which was 
depleted in the heavy REE, most likely in the manner described by 
Boynton (1974). However the distribution of the elements between 
phases was controlled by crystallochemical factors as well as by 
their abundances in the phase from which they condensed. Once again, 
a comparison of all of the Group 11 and Group 111 inclusions presented 
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:inChapter Two, shows each group to possess a remarkably uniform trace 
element pattern despite considerable differences in the properties 
and compositions of the principal minerals. This again points to the 
fact that the absolute amounts of the trace elements 1n each 
specimenweredetermined during initial accretion 
for the melilite chondrules also. 
a conclusion reached 
It might appear tempting to try to explain the heavily--
fractionated REE abundance patterns of Group 11 material by assuming 
the heavy REE were concentrated in a phase such as the garnet from 
sample 5583 which does have low abundances of the light REE. However 
closer inspection of the deduced abundance pattern for this mineral 
shows a steady decline of the light REE from Sm to La. The Group 11 
material would therefore be expected to display gradual depletion of 
abundances from La to Sm. No such effect is observed. It would 
still appear that the most reasonable explanation of the elemental 
abundances in the Allende Ca, Al-rich inclusions is that of Boynton 
(1974) as outlined in the previous chapter. 
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Abstract 
High-temperature atmospheric-pressure and high-temperature, 
high-pressure experimental runs have been performed on material 
with the composition of a Ca, Al-rich inclusion from the Allende 
meteorite to determine the melting relation of the material. The 
subsolidus phase assemblage consists of spine! and clinopyroxene 
accompanied by plagioclase and melilite at atmospheric pressure and 
by garnet at high-pressure. Spinel is the only near liquidus phase 
observed accompanied by clinopyroxene at lower temperatures. The 
absence of melilite ormerwinite on or near the liquidus argue 
against Anderson's (1973a,b) proposed mineralogy of the moon based 
on his premise that the moon is an early high-temperature condensate 
from the solar nebula with a bulk composition like that tested. 
Other deficiencies of Anderson's (1973a,b) lunar model are also 
discussed. It is concluded that it is unlikely that the moon is an 
early, high-temperature condensate. 
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Introduction 
The low iron content of the moon, compared to solar, 
terrestrial or meteorite abundances and its depletion in volatiles 
and enrichment in refractory elements has led Anderson (1972, 
1973a,b) based upon the condensation sequences calculated by Lord 
(1965), Larimer (1967) and Grossman (1972), to suggest that the bulk 
of the moon is composed of those elements and compounds that 
condensed from the solar nebula prior to the condensation of iron. 
More specifically Anderson suggests that, since in his view the Ca, 
Al-rich aggregates in the Allende meteorite represent early conden-
sates from the cooling solar nebula, the bulk chemical composition 
of the moon is very similar to that of these inclusions. Anderson 
has also outlined what he considers is the mineralogy of the moon 
based on the proposal that the moon is a high-temperature condensate. 
He envisages that the rapid accretion, and the high initial 
temperatures (a consequence of the accretion - during-condensation 
hypothesis),led to early and extensive, and perhaps complete, melting 
of the moon. Upon cooling crystal fractionation produced a refractory 
element-rich interior with melilite, uerwinite, diopside and spine! 
as maJor phases. These crystals correspond to 65% of the mass of the 
moon, or the volume below the outer 250 km. The residual liquid 
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formed the protocrust and the highlands and later the basalts were de r ived 
either by partial melting or by fractional crystallisation from the 
deep lunar interior. Anderson (1973a,b) therefore argues that the 
deep lunar interior is highly enriched in Ca, Al, Ti, and Mg. 
The methods of experimental petrology can be used to test the 
internal consistency of this model by establishing whether the high-
pressure liquidus phases of material with the Allende Ca, Al-rich 
inclusion composition are those minerals postulated as major phases of 
......... 
the lunar interior and if not to see if a model of the moon can be 
constructed from the phases observed and still satisfy certain 
physical constraints such as the known moment of inertia and mean 
density of the moon. 
It was therefore decided to carry out a high-pressure, high-
temperature investigation into the melting relationship of the 
material suggested by Anderson to represent the lunar bulk composition. 
Experimental Procedure 
The composition selected for experimental study was that 
suggested by Anderson (1973a,b) as representing the bulk composition 
of the moon, namely the chemical composition of a Ca, Al-rich 
inclusion from the Allende meteorite as determined by Clark et al. 
(1970, Table 3, column 9). Na2o, K20, Cr2o3 and MnO were omitted 
leaving the composition used as shown in Table 4.1. For comparison, 
the average composition of the fifteen Ca, Al-rich inclusions from 
Allende presented in Chapter 2 is shown in Table 4.1, column 3. It 
can be seen that the composition used in the investigation is slightly 
enriched in Si02, Ti02 and CaO and slightly depleted in Al 2o3 and FeO 
compared to the average of the Allende Ca, Al-rich inclusion 
compositions. 
AR grade reagents were used in the preparation of the mix. 
Iron was added as Fe and Fe2o3 and CaC03 as a source for the Cao. 
The mix was heated to 1000°c in a platinum crucible to decompose the 
CaG03 and to reduce the iron to the divalent state. Slight excess of 
Fe was added to compensate for some loss of Fe to the walls of the 
platinum crucible. After heating, a sample from the mix was melted to 
a glass by heating it on an iridium strip through which a variable 
electric current could be passed via a variac connected to the mains 
supply. This glass was analysed under the electron-microprobe to 
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confirm its composition. The result is shown in Table 4.1 colu,,m 2. 
Atmospheric pressure runs were carried out in sealed and 
evacuated platinum capsules. Heating was achieved in a platinum wire 
furnace. Length of runs varied from 15 minutes to 6 hours. After 
holding at the desired temperature (.!_ s0 c) the charges were quenched 
by dropping into water. Phases present were determined using optical, 
X-ray powder diffraction and electron-microprobe techniques (Reed and 
Ware, 1973). 
High-pressure, high-temperature runs were carried out using 
a piston-cylinder apparatus, the techniques used have been described 
by Green and Ringwood (1967a,b). Sealed and evacuated platinum 
capsules were used. Temperature variation was+ s 0 c about the control 
point with an accuracy estimate of.!_ 10°c. A pressure correction of 
minus 10% of the nominal pressure was applied (Green, T.H., 1966) to 
allow for friction. Absolute pressures are believed accurate to+ 5%. 
0 0 Between 1100 C and 1300 C the average length of runs was 
ninety minutes, though two longer runs, 1210°c atmospheric pressure and 
1310°c 10 kb, of six hours duration were performed to check that 
equilibrium had been reached. 0 0 Between 1300 C and 1500 C the average 
length of runs was forty-five minutes, thirty minutes for runs between 
1soo0 c and 1600°C and for runs above 1600°c the average duration was 
fifteen minutes. After completion of runs, the samples were quenched 
rapidly by terminating the power to the furnace. Mineral phases were 
again identified using optical, X-ray powder diffraction and electron-
microprobe techniques. 
Loss of iron to the walls of the platinum capsules occurred, 
only significant in high-pressure runs above the solidus where in some 
cases almost total loss of iron had taken place. Above solidus runs at 
high-pressure were frequently plagued by the presence of quench 
pyroxene. 
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TABLE 4.1 
MAJOR ELEMENT COMPOSITION OF MATERIAL USED IN THIS STUDY (COLUMN 1), 
Ca, Al-RICH AGGREGATE FROM ALLENDE (FROM CLARK ET AL., 1970, TABLE 3, 
COLUMN 9) (COLUMN 2) AND THE AVERAGE OF FIFTEEN Ca, Al-RICH AGGREGATES 
FROM ALLENDE AS REPORTED IN CHAPTER TWO (COLUMN 3). 
1 2 3 
Si02 34.5 33.7 31.4 
Ti02 1.3 1.3 o.s 
Al 203 27.2 26.6 32.6 
Cr2o3 0.1 
FeO 2.0 2.3 6.5 
MnO 0.0 
MgO 12.9 13.1 12.5 
CaO 22.1 21.6 16.2 
Na2o 1. 1 
K20 0.05 
1: 100.0 99.85 100.0 
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Results 
Results of experiments are presented in Fig. 4.1 which shows 
the location of individual runs and the mineral assemblage observed. 
a) Subsolidus experimental relationships 
The major subsolidus phases throughout the pressure range 
examined are spinel and clinopyroxene. These are accompanied by 
plagioclase and melilite at atmospheric pressure and by garnet at 
high-pressure (30 Kb). Analyses of the plagioclase,spinel and 
clinopyroxene, obtained by the electron-microprobe, are given in 
Table 4.2. From the analyses of the plagioclase crystals they were 
identified as anorthite. Apart from the spinel and plagioclase 
crystals, at atmospheric pressure, the rest of the material, clino-
pyroxene and melilite, was too fine-grained to enable separate 
mineral analyses of these two phases to be obtained. However, the 
melilite lines on the X-ray diffraction patterns are very weak and 
it is believed that melilite is present in only minor amounts in the 
assemblage. The melilite X-ray powder diffraction pattern did, 
however, allow the determination that the melilite 1s close to the 
akemanite end member in composition. The composition of the spine! 
changes littl with increasing pressure. Mass balance calculations 
show the spine! to constitute about 18 weight percent of the 
subsolidus phase assemblage. The spinels contain little or no 
titanium. Examination of the composition of the clinopyroxenes also 
shows only minor changes with increased pressure. Mass balance 
calculations show its composition to be almost midway between the two 
end members of the solid solution series diopside (Ca Mg Si2o6) and 
Ca-Tsche rmak(Ca Al 2Si06), slightly closer to the diopside end member. 
Ti is also present in the clinopyroxene, probably present as CaTiA1 2o6 , 
another, hypothetical, end member of the CaMgSi2o6 - CaA1 2Si06 solid 
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solution series as proposed by Yagi and Onuma (1967). The garnet, in 
the high-pressure subsolidus phase assemblage, was identified on the 
basis of its X-ray powder diffraction pattern to be grossularite. 
b) Melting relationships 
The position of the solidus and liquidus were determined by 
optical and microprobe examination of the quenched charges. Runs at 
1340°c 10 Kb and 1460°c 20 Kb, contained small quantities of inter-
stitial glass (2-3%) but were classed as subsolidus. The presence of 
this small amount of glass may have been due to sample inhomogeneity. 
A wide field of spine! plus melt is present (see Fig. 4.1) 
showing spine! to be the dominant liquidus phase throughout the entire 
pressure range studied. A narrower field of spine! plus melt plus 
clinopyroxene is present close to the solidus. Plagioclase is also a 
liquidus phase at atmospheric pressure. Analyses of the spine!, 
clinopyroxene, plagioclase and melt are shown in Table 4.3. The 
analyses were obtained using the electron-microprobe. The compositions 
of spinel, clinopyroxene and plagioclase are almost identical with 
those of the subsolidus phase assemblage. The gradual disappearance 
of spinel with increase of temperature is reflected in the composition 
of the liquid as shown in Table 4.3 for the 10 Kb runs, until, when no 
spinel is present, the melt composition is that of the starting mix 
(except for iron due to its loss to the walls of the platinum capsule). 
Discussion 
Seitz and Kushiro (1974) have reported the melting relations 
of a Ca, Al-rich inclusion from the Allende meteorite. Their experi-
ments were performed using material from an actual Ca, Al-rich 
inclusion separated from Allende. Although they do not give its rnaJor 
element composition, it is unlikely to have been the same as the material 
used in the present study since the analyses of the Allende Ca, Al-rich 
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8 3 
1220°c ATM 
~· 
Pyr. 
Si02 2.8 41.2 
Ti02 1.4 
Al 203 64.2 17.2 
FeO 3.1 2.2 
MgO 26.5 10.5 
CaO 1.9 26.5 
L 98.5 99.0 
TABLE 4.2 
MINERAL COMPOSITIONS, SUBSOLIDUS 
1280°c 5Kb 1340°C lOKb 
An. 
~. Pyr. ~. Pyr. 
-
43.5 5.45 42.3 2.4 43.7 
0.1 1.5 1.4 
34.9 64.5 18.2 66.5 17.5 
0.4 3,0 1.7 4.0 1.3 
0.9 23.5 10.6 24.8 10.5 
20.1 1.5 25.8 2.8 25.6 
99.8 100.0 100.1 100.6 100.0 
1460°c 20Kb 
~- ~-
9.9 41.2 
0.6 1.4 
60.0 21.S 
0.3 
24.5 11.1 
5.0 24.8 
100.3 100.0 
c .; 
~ 
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TABLL 4.3 
MINERAL COMPOSITIONS, ABOVE SOLIDUS 
1250°C ATM. 1310°C 5Kb 1360°c 10 Kb 1390°C 10 Kb 1420°C lOKb 1600°C lOKb 1620°c lOKb 1580°C 20Kb 
'Sp An. Liq. Sp Liq. Sp Cpx Liq. Sp Liq. Sp Liq. Sp Liq. Liq. Sp Liq. 
Sio 2 5.5 42. 9 42.2 9.7 42 .4 3.9 42.0 36.8 5.9 
41. 5 2.5 40.8 6.2 37.6 34. 8 2. I 41 4 
Ti02 0.2 1. 6 0.3 1. 5 1. 4 1. 2 0.2 
1. 5 68 4 1. 4 0.2 1. 3 1. 2 0 I I 5 
Alz° 3 60.6 34. l 17.4 59.4 18. 1 66.2 18.3 
23.6 63. 6 19 .6 1. 3 19. 8 63. 7 23.5 28.6 69.0 20. 5 
FeO 4 .1 0.4 1. 9 1. 9 1. 8 2.7 1. 4 1. 8 1. 7 1. 7 26.1 0.9 l. 6 1. 6 0.5 0.2 
MgO 25.9 0.9 10.1 23.1 9.9 24. 0 10.8 11. 8 24. 1 10 .2 1. 5 10.5 24.6 11.6 13.3 26.3 10.9 
Cao 3.5 20.0 26.8 5 . 6 26.3 2.7 25.3 23.4 2.8 25.5 .I. 6 26.5 3.6 24 3 22.4 2.0 25.5 
l: 99.8 100.3 100.0 100.0 100.0 99.5 99.2 98 . 6 98.3 100.0 100.4 99.9 99.9 99.9 100.3 100.0 100 .0 
aggregates reported in Chapter Two show that there are differences 
in composition between the aggregates. The difference in chemical 
composition between Seitz and Kushiro's material and the one used 
in the present study no doubt account for the slight differences in 
the respective phase diagrams. However, the phase assemblages, both 
solidus and liquidus, are remarkably similar 1n both studies though the 
solidus and clinopyroxene out boundaries are at slightly higher 
temperatures in this study. Seitz and Kushiro also observed melilite 
and plagioclase at atmospheric pressure only, though they do state that 
these minerals are stable below 10 Kb without any experimental runs 
between atmospheric pressure and 10 Kb to support the statement. The 
present study has also been able to locate the liquidus line, the 
position of which was only estimated by Seitz and Kushiro. The 
composition of the spine! reported by Seitz and Kushiro (1974, Table 
2, column 4) is very similar to the spine! compositions reported here 
as is their pyroxene composition (Setiz and Kushiro, 1974, Table 2, 
column 3) very much like the ones presented here. The differences are 
slightly lower Si02 , Ti02 and MgO and slightly higher Al 2o3 and Cao 
in the pyroxene reported here. Likewise, the Si melt reported by 
Seitz and Kushiro (1974, Table 2, column 5) is remarkably similar to 
the corresponding melt composition of the present work (table 4.3). 
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Anderson (1973a,b) has suggested that the bulk composition 
of the moon is that of early, high-temperature condensates from the 
solar nebula, and therefore rich in Ca, Al, and Ti compounds. More 
specifically it was suggested that the Ca, Al-rich inclusions in the 
Allende meteorite are examples of high-temperature condensates from 
the solar nebula, their composition therefore being similar to the 
bulk composition of the moon. Anderson has further developed his 
model to postulate partial melting of the lunar interior, the melt 
fraction, a high-alumina gabbroic anorthosite, segregating to form the 
outer 250 km of the moon leaving a residual interior of melilite or 
merwinite, diopside and spinel. The results of the present study can 
be used to test the validity of this model. Firstly, neither melilite 
nor merwinite occur on or near the liquidus of the Allende Ca, Al-rich 
inclusion material throughout the pressure range studied. In fact 
melilite was only observed at atmospheric pressure near the solidus 
and merwinite was not observed at all. These minerals would therefore 
not constitute major phases in the lunar interior contrary to Anderson's 
proposal. The only major phase on or near the liquidus observed both 
in this work and that of Seitz and Kushiro (1974) is spine!. A moon 
with spine! (p = 3.7) as a dominant phase would not satisfy the lunar 
density constraint (p = 3.36; Kaula, 1970) as pointed out by Raheim 
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and Green (1974). The only other major phase observed in the experimental 
runs is clinopyroxene with a composition approximately midway between 
diopside (CaMgSi206) and Ca-Tschermaksilicate (Ca Al 2Si06). The 
composition of this pyroxene is unlike that of the lunar surface rocks 
so a simple model of the moon having a spine! core surrounded by this 
clinopyroxene does not fit the observed facts. However, Anderson 
(1973a,b) proposes that the outer 250 km of the moon has a high-alumina 
gabbroic anorthosite composition (Anderson, 1973, Table S, columns 
3 and 4). For this to be produced from the clinopyroxene would require 
45% partial melting of this material. However,45% partial melting of 
the clinopyroxene would not produce the composition Anderson 
suggests. There would need to be more iron in the pyroxene for this 
to be achieved. 
The similarity in composition between the lunar Highland 
Basalts and the outer 250 km of the moon proposed by Anderson (1973a,b) 
prompted Raheim and Green (1974) to examine their experimental results 
from a high-pressure, high-temperature investigation of the phase 
assemblage, both solidus and liquidus, of lunar Highland Basalt 
composition in relation to Anderson's proposals. 
The phases on or near the liquidus of the Highland Basalt 
should be those postulated by Anderson as major phases of the lunar 
interior. Raheim and Green found neither melilite nor merwinite 
on or near the liquidus to 20 Kb and at sufficiently high pressures 
above that they inferred the probable liquidus phases would be 
garnet, Ca, Al-rich pyroxene, and either spine! or corundum. They 
attempted to match the postulated parental Allende composition by 35% 
melting to yield Highland Basalt+ 65% of their observed liquidus 
phases but found the resulting compositions unlike the Allende 
inclusion composition. Use of garnet, .pyroxene and corundum, their 
0 
observed liquidus phases at 20 Kb 1440 C, as the residual phases also 
did not give a reasonable match with the Allende inclusion composition. 
Raheim and Green concluded that potential source compositions capable 
of yielding a partial melt fraction of Highland Basalt composition 
would need to be richer in FeO, Si02,or Al 2o3 and lower in CaO, MgO 
and Ti02 than the Allende Ca, Al-rich inclusion. 
Raheim and Green (1974) have also calculated the mean lunar 
density and coefficient of momemt of inertia for Anderson's (1973a,b) 
lunar model based on their results for Highland Basalt forming the 
outer 250 km of the moon and the inner moon of Ca, Al-rich residue 
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as Anderson proposes. They found the mean density to be low 
-1 c~ 3.20 gm cc ) when compared to the known mean lunar density of 
3.36 gm cc-l (Kaula, 1970) but the coefficient of moment of inertia 
. h. h . (0 95 +0.005 to be wit int e present uncertainty .3 _0 _010 ; Kaul a, 1970). 
Raheim and Green could also, on the basis of their experimental 
results, conclusively eliminate the hypothesis (Anderson and Kovach, 
1972) that the possible increase of seismic velocity at depths of 
~70 km could be caused by the appearance of major grossular-rich 
garnet in the Highland Basalt composition since the first appearance 
of garnet was of pyrope-almandine composition and was only a minor 
phase which would not dominate the seismic velocity. It is inter-
esting to note that in the present study garnet was not observed until 
very high-pressures were reached. 
From the experimental evidence therefore, it would seem 
that Anderson's (1973a,b) more specific proposal that the moon is an 
early condensate and has an interior with melilite or merwinite, diopside 
and spinel as major phases, can be rejected since this is not in accord 
with the experimental results from high-pressure, high-temperature 
investigations on material with a composition he suggests represents 
the bulk composition of the moon and similar experiments on material of 
Highland Basalt composition. From other considerations,such as the 
mean lunar density and the difficulty of producing Anderson's proposed 
outer 250 km layer from the phase assemblage observed experimentally, 
also seem to rule out Anderson's less specific proposal that the moon 
is an early, high-temperature condensate from the solar nebula. It 
appears that Anderson's present models of lunar origin, structure and 
composition should be rejected. 
Perhaps it is worth pointing out a few objections that can 
be raised against Anderson's (1973a,b) proposals . Firstly, it i s a 
big step to propose that a body the si ze of the moon accreted as an 
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early, high-temperature condensate from the solar nebula when compared 
to the other material which Anderson suggests as being analogous, 
namely the Ca, Al-rich inclusions from the Allende meteorite which are 
very small, weighing at most a few hundred milligrams each. As 
pointed out in Chapter Two of this thesis and by Ringwood (1974) the 
fact that the Allende Ca, Al-rich inclusions are fine-grained and 
contain metastable minerals seems rather to indicate that they cooled 
on a time scale much shorter than did the solar nebula and therefore 
may not be direct condensates from the solar nebula but may rather 
have formed during some more rapid event. Anderson also suggests 
that the trace element composition of the moon is consistent with its 
composition being similar to that of an Allende Ca, Al-rich inclusion. 
This was based on the analyses of Ca, Al-rich inclusions from Allende 
by Gast et al. (1970) and Grossman (1972) which indicated relatively 
unfractionated abundances. However, the analyses of many more of 
these inclusions and for a wider range of elements, presented in 
Cahpter Two, show that these inclusions are not identical in trace 
element abundances but can be divided into three groups, one of which 
contains heavily-fractionated REE abundances. The trace element 
abundances in Ca, Al-rich inclusions from Allende can therefore not 
be called upon to explain lunar trace element abundances. Finally 
there is the difficulty of why the moon did not accrete later, 
lower-temperature condensates if the bulk of the moon does represent 
a high-temperature condensate. None of the proposals Anderson puts 
forward can satisfactorily explain this objection. 
At any rate the final result is that it appears extremely 
unlikely that the moon is an early high-temperature condensate from 
the cooling solar nebula and has a bulk composition similar to that 
of an Allende Ca, Al-rich i nclusion . 
~o 
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CHAPTER FIVE 
CONCLUSION 
This thesis has, I hope, shown how complex can be the 
interpretation of the results from a study of even a primitive 
meteorite such as Allende. Even so, these resul ts are exciting 
and have, I believe, increased our knowledge and understanding of 
some of the problems concerned with meteorite formation. It has 
become apparent during the course of this research that relatively 
simpl~ observations can produce information and constraints of great 
significance. For example, the observation that Allende contains 
chondrules of two distinct chemical types has enab led a better 
appreciation of the important chondrule-forming process to be made. 
The texturesof the Ca, Al-rich aggregates has a l so enabled important 
conclusions to be drawn. Because they are fine - grained it appears 
unlikely that they are direct condensates from the cooling solar 
nebula, but that they cooled more rapidly than would the solar 
nebula. Instead it appears that the Ca, Al-rich aggregates may have 
been produced in the same high-energy event as were the chondrules. 
It was deduced that this event is most likely to have been collision 
between two bodies. 
Information about the accumulation of the Allende 
meteorite can also be gained from some of the properties of the 
aggregates. All of them are fine-grained and most of them are 
extremely friable. This implies that accumulation must have been a 
gentle process. If the aggregates, chondrules et c. had been moving 
at only low velocities with respect to one another, the aggregates 
would not have survived collisions . Fuchs et al. (1973) have come to 
a similar conclusion regarding the format ion of the Murchison (C2) 
meteorite. The form of the contact between the aggregates and the 
enclosing matrix vary greatly , some are irregular in form with 
intri cate mossy- like margi ns agains t the matrix. This also suggests 
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that the accumulation of Allende was a gentle process. Yet other 
aggregates are elongated shards or stringers, sometimes indicating 
a vague oriented fabric, suggesting either an original flattening 
during deposition or a secondary flattening produced by later 
deformation. Oriented fabrics in chondrites havebeen observed by 
Dodd (1965) and in four C3 chondrites by Martin et al. (1974). A 
few of the aggregates show reaction rims against the matrix which 
implies that either the aggregate, matrix, or both, were quite hot 
when the material aggregated. It is interesting to note that some 
of the melilite chondrules also have reaction rims against the matrix, 
but none of the magnesium-rich chondrules do. This can probably be 
explained by the contrast in composition between the melilite 
chondrules and matrix, whereas the magnesium-rich chondrules are 
compositionally very similar. 
Perhaps the most important question which still needs to 
be answered is why Allende, along with a few other Type 11 and 111 
carbonaceous chondrites, possess Ca, Al-rich aggregates while other 
classes of chondrites do not. Grossman and Larimer (1974) suggest 
transport of the refractory elements, after condensation, through 
the solar nebula to regions where condensation was nearly complete. 
This seems a rather clumsy process; for example why should only 
the refractory aggregates have been transported; surely they would 
also have picked up material on the way? It also requires the 
aggregates to be initial condensates from the solar nebula; this 1s 
disputed in this thesis on the grounds of their apparent rapid 
cooling rates. The answer is not obvious and needs further 
investigation. 
It 1s difficult to know whether the results from this 
thesis can be used to help our appreciation of the formation of the 
planets themselves. Current opinion favours the asteroidal region as 
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the place of origin of the meteorites. It would appear that in this 
region of the solar system the formation of a single body was 
hindered, in its place many smaller bodies were produced. It is 
possible that this may have been due to the fact that the total 
amount of material which comprises the asteroids is small, far less 
than the mass of the moon for example. On the other hand, perhaps 
it is no coincidence that the asteroids occur in that part of the 
solar system which divides the Terrestrial planets from the Jovian 
planets. During planetary formation there was obviously a temperature 
difference in these two parts of the solar system. The temperature 
in the region of accumulation of the Jovian planets was such that they 
could accumulate many of the volatile elements whereas in the inner 
region of the solar system, temperatures were higher and the 
terrestrial planets were not able to capture these elements to 
anywhere near the same extent. Perhaps it was because of this that 
no single solid body accumulated in the asteroidal region. The 
meteorites themselves, although very similar in many respects, also 
differ enough for certain conclusions to be drawn. For example, 
meteorites such as Allende, Vigarano, Leoville and Murchison, although 
all carbonaceous chondrites and very similar in many respects, exhibit 
differences in mineralogy and composition which suggest they all 
formed as separate entities. The same can be said of other meteorites. 
Therefore, although there are certain similarities which enable the 
meteorites to be classified into specific categories, it would appear 
that their final accumulation was on a relatively small scale, producing 
many individual specimens. If the present influx of meteorites to the 
earth is truly representative of the relative proportions of each type 
in space, then the chondrule-forming process must have been an 
important, wide-spread phenomenon during meteorite formation since over 
86% of present day falls are chondrites. Whether this was true elsewhere 
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1n the solar system is uncertain. It is not surpr1s1ng that no 
chondrule like objects have been found in terrestrial or lunar rocks 
(except perhaps small spherical objects near some impact craters 
believed to have resulted from the impact) since the Earth and the 
Moon have obviously had different, more elaborate histories than 
the meteorites, having been altered greatly. Perhaps all we can 
say from a study of meteorites in connection with the formation of 
the planets is that chemical fractionations occurred during the 
formation of the solid material of the solar system. It seems 
unwise at present to try to learn too much about the very complex 
formation of the planets from the information we have obtained from 
the study of meteorites which has shown their own histories to have 
been far from straightforward. 
The chemical fractionations observed between the 
components of Allende have demonstrated that the processes occurring 
during element and compound condensation were important and, in some 
cases, complex. The fact that the Ca, Al-rich inclusions from 
Allende exhibit three distinct types of trace element abundance 
patterns is perhaps the most intriguing aspect revealed by the present 
research. At first sight these three abundance patterns might argue 
for different conditions and/or regions of origin for the aggregates, 
yet their similar textures and major element compositions argue for 
similar histories for them. However, it has been shown after a 
careful examination of the processes which can produce elemental 
fractionations that the three different abundance patterns of the 
Ca, Al-rich aggregates can be explained by fractional condensation 
between gas and condensed solids if the solids are removed from 
the gas before equilibrium is attained as described by Boynton 
(1974). The three aggregate abundance patterns represent 
different stages of condensation. 
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Finally, from the results of a high-pressure, high-
temperature experimental investigation on material with a composition 
of that of an Allende Ca, Al-rich aggregate it was concluded that it 
is unlikely that the Moon has a bulk composition like that tested and 
1s therefore not an early high-temperature condensate from the solar 
nebula as suggested by Anderson (1973a,b). 
In conclusion, the research on the Allende Type 111 
carbonaceous chondritic meteorite presented in this thesis and by 
other workers has furnished valuable information for our understanding 
of meteorite formation and of the early history of the solar system. 
The picture is still not perfectly clear. Further work on Allende 
and other meteorites is necessary before the whole story is 
unravelled. 
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A P P E N D I C E S 
APPENDIX A 
IMPROVEMENTS IN THE SPARK SOURCE MASS SPECTROMETRY TECHNIQUE 
The trace element abundances were determined by spark 
source mass-spectrometry with an AEI-MS7 mass spectrograph using the 
technique of Taylor (1965) and data reduction modified slightly from 
Taylor (1971). Lu2o3 is addedtoacarbon mix in a concentration of 
SO ppm for use as an internal standard, and the Lu175 and Lul76 lines 
are used after correction for interferences. A study of the 
sensitivity of the technique by Gorton (1974) has revealed that for 
elements of low boiling points (<3S00°C) the sensitivity is strongly 
dependent on boiling point. For elements of higher boiling point, 
the sensitivity becomes influenced by the first ionisation potential. 
Recognition of these relationships allowed the refinement of 
concentration factors and the identification of some important 
interferences which contributed to an improvement in precision 
(Gorton, 1974). 
The data reduction technique of Taylor (1971) was 
incorporated in a computer Program written by N. Ware and considerably 
extended (seven fold) by M.P. Gorton. This program (MSSEVEN) is now 
used by a number of other laboratories who use the spark source mass-
spectrometric technique. Principal improvements arose as a result 
of a more thorough correction of the internal standard lines 
(especially Lu176) for interference effects. 
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APPENDIX B 
CHONDRITE - NORMALISING FACTORS 
Element Factor 
La 0.300 
Ce 0.840 
Pr 0.120 
Nd 0.580 
Sm 0.210 
Eu 0.074 
Gd 0.260 
Tb 0.049 
Dy 0.310 
Ho 0.073 
Er 0.210 
Tm 0.030 
Yb 0.200 
..... 
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